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Abstract
All scanning probe microscopes (SPMs) are affected by disturbances, or mechanical
noise, in their environments which can limit their imaging resolution. This thesis
introduces a general approach for suppressing out-of-plane disturbances that is appli-
cable to non-contact and intermittent contact SPM imaging modes. In this approach,
two distinct sensors simultaneously measure the probe-sample separation: one sensor
measures a spatial average over a large sample area while the other responds locally
to topography underneath the nanometer-scale probe. When the localized sensor is
used to control the probe-sample separation in feedback, the spatially distributed
sensor signal reveals only topography.
This technique was implemented on a scanning tunneling microscope (STM) and
required a custom micromachined scanning probe with an integrated interferometer
for the spatially averaged measurement. The interferometer design is unique to SPM
because it measures the probe-sample separation instead of the probe deflection. A
robust microfabrication process with a novel breakout scheme was developed and
resulted in 100 % device yield.
For imaging, an STM setup with optical readout was built and characterized.
The suppression improvement over conventional SPM imaging was measured to be
50 dB at 1 Hz, in agreement with predictions from classical feedback theory. Images
are presented as acquired with each sensor signal in several environments, and the
interferometer images show remarkable clarity when compared with the conventional
tunneling images. The out-of-plane noise floor with this technique on the home-built
microscope was 0.1 i rms.
The results of this work suggest that the resolution of STM and other SPM modes,
notably tapping mode atomic force microscopy (AFM), can be substantially improved,
allowing low noise imaging of nanoscale topography in noisy environments and po-
tentially enabling repeatable atomic scale imaging in ambient conditions.
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Chapter 1
Introduction
This thesis demonstrates a new technique to improve the performance of scanning
probe microscopes by inherently suppressing the effects of dominant low frequency
noise sources. In this chapter, scanning probe microscopy will be discussed, starting
with scanning tunneling microscopy and followed by atomic force microscopy. The
imaging limitations of these technologies will be described along with two existing
solutions. A new solution will be proposed based on the simultaneous use of two
sensors integrated onto the same microfabricated probe. The potential impact of this
approach is then discussed with a few specific examples. Finally, an outline of the
thesis will be presented.
1.1 The scanning tunneling microscope
The ability to image materials down to the atomic scale is critical both to under-
stand their macroscopic properties and to evaluate their performance as components
of nanoscale devices. The invention of the scanning tunneling microscope (STM) 1 in
1981 by Binnig and Rohrer [1] was the beginning of a major paradigm shift in high
resolution surface imaging technology. Electron microscopes by that time were well
developed for studying structures as small as atoms, but complexity and price limited
1The abbreviation STM is used for both the scanning tunneling microscope and scanning tunnel-
ing microscopy. This is also true for other acronyms in the thesis describing a microscope/microscopy.
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Figure 1-1: Principles of scanning tunneling microscopy (STM).
their accessibility, and continue to do so to this day. Furthermore, electron micro-
scopes require vacuum conditions and conductive coatings to obtain high resolution
images, limiting their range of applications.
Instead of using a focused particle beam for imaging, the STM uses a proximal
probe in the form of a sharpened metal wire; the probe is scanned parallel to a sample
surface in feedback at a height of -1 nm. The STM quickly proved to be a powerful
imaging tool, beginning with images of atomic terraces on (110) surfaces of CaIrSn4
and Au [1]. Although these images were acquired under high vacuum, it was later
demonstrated on a graphite surface that atomic resolution images could be achieved
in air [2]. Other surfaces have since been studied with high resolution in aqueous
conditions as well [3].
The operation principles of the STM are illustrated in Figure 1-1. Throughout
this thesis, Z will refer to the direction normal to the sample, and XY will refer
in a general sense to any direction in the sample plane. The STM uses tunneling
current as a high resolution Z displacement sensor. Tunneling current is defined as
the current between two conductors (in this case, probe and sample) separated by an
insulating medium (air). The air gap can be modelled as a narrow potential barrier,
and the equation for tunneling current I can be written [4]:
i
!ý'l n)1)1
w
1z T
I - Ve - v (Z
where V is the voltage bias across the gap, a! is a constant equal to 1.025 eV-i/2 i - 1,
0 is the average work function of the probe and sample, and z is the probe-sample
separation. The exact proportionality depends on the geometry of the tunneling junc-
tion. For a gold probe and sample in air, a typical average work function 0 = 0.2 eV
and a bias of V = 100 mV across a gap of z = 1.5 nm will result in a tunneling current
I 1 nA [5]. Due to the exponential sensitivity of the tunneling current to the sep-
aration, there is a narrow "tunneling regime" of about 1 nm: for separations greater
than 2 nm, the tunneling current is too small to be measured, and for separations less
than 1 nm, the current is large enough to cause the detection amplifier to saturate.
Feedback is necessary to keep the probe close to the surface with such high precision
and without crashing. The feedback loop adjusts the Z actuator to hold the current,
and thus the separation, constant in the presence of probe-sample variations.
Imaging is performed by scanning the probe parallel to the sample (or vice versa)
in one of two modes. In the constant current mode [1], any topography that the
tunneling probe encounters during scanning will cause a change in tunneling current,
which the feedback will correct for in an effort to keep the current constant. Monitor-
ing the actuator signal (the actuator drive voltage)2 will reveal this topography and
allow a map of the surface to be constructed. In the constant height mode [6], the
probe is scanned faster than the feedback loop can react, and the tunneling current
signal reveals topography. The constant current mode, which will be used exclusively
in this work, is much more common and can image a wider range of feature sizes,
but the constant height mode has been shown to be useful for high-speed atomic
resolution imaging [7]. In both modes, due to the exponential dependence of the
tunneling current on separation, one probe atom can be expected to dominate the
tunneling process [8]. Thus, the effective probe size is typically a single atom, even for
2 The actuator signal, denoted in Figure 1-1 by Zact, is a voltage expressed in units of displacement.
The conversion is made by multiplying by a frequency independent constant that is characteristic
of the actuator.
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a geometrically blunt tip, allowing the microscope to resolve sub-Angstrom sample
features.
One powerful characteristic of the STM is its chemical identification ability. In
the scanning tunneling spectroscopy (STS) mode [9], the probe is held at a fixed
point (e.g., above a molecule sitting on the surface) with feedback off as the bias
voltage is varied. A plot of dI/dV versus V in this mode approximates the local
density of states [10], enabling chemical identification with the same high spatial
resolution. This approach has led to the use of STM as a tool for nanoscale device
fabrication. Single molecule logic devices [11], light emitters [12], electromechanical
amplifiers [13], chemical sensors [14, 15], and electrochemical probes [16] as well as
nanoparticle single-electron transistors [17] have all been demonstrated using the
tunneling tip and sample surface as electrodes.
1.2 The atomic force microscope
The invention of the STM soon inspired the development of other scanning probe
microscopes (SPM), most notably the atomic force microscope (AFM) in 1986 [18].
The AFM, which features a micromachined cantilever probe with a sharp integrated
tip, relies on a probe-sample force interaction that results in cantilever bending. For
example, in contact mode AFM (Figure 1-2), the probe and sample are in contact, and
changes in the contact force affect the Z deflection of the cantilever. This deflection is
detected most commonly with the optical lever [19, 20], where a laser is reflected from
the top surface of the cantilever and the position of the reflected spot is correlated
with force. Feedback is not necessary but is almost always used to minimize damage
to the probe tip, and the actuator signal again reveals the topography. Although
achieving atomic resolution is more difficult, the AFM has proven to be more robust
than the STM and allows imaging of non-conductive samples, including biological
materials.
The AFM is significant for several reasons. First, due to its versatility, it is the
most popular form of SPM and is widely used for diverse applications ranging from
20
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Figure 1-2: The atomic force microscope (AFM), illustrated in contact mode.
semiconductor process metrology to biological research. Second, the AFM introduced
two new technologies to SPM: micromachined probes and sensitive optical detection,
both of which are critical to the work presented in this thesis. Finally, it suggested
the possiblity of using a variety of different imaging mechanisms to look at surfaces,
in particular those based on local measurements of material properties. In recent
years, SPMs have been developed based on magnetic, near-field optical, electrostatic,
resistive, and various mechanical interactions, all of which may provide very different
images of a given surface.
1.3 Limitations of scanning probe microscopies
There is one major assumption not mentioned in the description of SPM: that the
microscope is free of disturbances, or mechanical noise, that can affect the probe-
sample interaction. Of course, this is an unrealistic assumption - the interaction
will be affected by vibrations of mechanical components and thermal expansion of
the microscope. With feedback, these disturbances will be compensated for by the
actuator, but as a result they will appear unattenuated in the actuator signal. There-
fore, all images will in fact be a superposition of topography and disturbances, often
resulting in certain features becoming obscured or even unresolvable. This limitation
Zcu |
i
is common to all SPMs, regardless of sensor resolution.
Disturbance effects can be substantially reduced by designing a rigid microscope,
incorporating effective vibration isolation, and selecting an appropriate measurement
bandwidth and image filter. These approaches are taken at considerable expense by
manufacturers of commercial SPMs [21]. However, rigidity and vibration isolation
are difficult to optimize and depend strongly on the microscope environment - high
resolution imaging may require a quiet basement room and an elaborate suspension
system to achieve the requisite sub-Angstrom noise levels [22]. Ultrahigh vacuum
and cryogenic temperatures may also be necessary, depending on the application
requirements, to reduce acoustic and thermal noise sources, respectively. Bandwidth
narrowing and image filtering may be effective in some situations but will limit the
frequency content of the signal, which can constrain the size range of resolved features
and result in a loss of topographical information.
1.4 Previous work
Disturbance suppression for STM has been previously demonstrated with an AC
modulation technique [23]. In this approach, the tip is vibrated with sub-Angstrom
amplitude parallel to the sample at a frequency above the feedback bandwidth; the
tunneling current is measured at the same frequency with a lock-in amplifier and
represents differential topography. The differential signal is mostly unaffected by low
frequency noise and therefore does not reveal significant disturbance contributions.
However, to reconstruct the true topography from the differential, off-line integration
and filtering are required, as is a measurement of the work function [24]. Furthermore,
this technique is only applicable to the STM mode.
Another solution to disturbance removal is to attach an auxiliary sensor to the mi-
croscope to measure disturbances and subtract its signal from the actuator signal, as
demonstrated for AFM [25]. While straightforward to implement, performance of this
approach is ultimately governed by the degree of coherence, or similarity, between the
disturbance responses of the probe-sample sensor and the auxiliary sensor. For exam-
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pie, if the sensors are misaligned or are mounted too far apart, they will experience
different background noise. Furthermore, the two responses must be subtracted with
extreme precision in order to achieve a high common-mode rejection ratio (CMRR).
With manually tuned analog subtraction, it is difficult to achieve more than 20 dB
rejection at any frequency, even for coherent sensors and especially over long time
scales.
1.5 Proposed solution
Here a general approach is introduced for inherently suppressing out-of-plane (Z)
disturbances in SPM. In this approach, two distinct, rigidly connected sensors si-
multaneously measure the probe-sample separation. One sensor measures a spatial
average of separation distributed over a large sample area while the other responds
locally to topography underneath a nanometer-scale probe. When the localized sen-
sor is used to control the probe-sample separation in feedback, the distributed sensor
signal reveals only topography. Disturbances are suppressed normal to the sample in
the distributed sensor signal only.
This solution is expected to be applicable to any SPM imaging mode that relies
on a non-contact or intermittent-contact localized probe-sample measurement. In
general, these modes create maps of a particular surface property via the feedback
(actuator) signal, and therefore suffer from disturbances just like the STM. The reso-
lution enhancement brought about by inherently suppressing disturbances could allow
improved imaging of topography as well as magnetic, electrostatic, near-field optical,
and mechanical properties of surfaces. However, STM was chosen to demonstrate the
two-sensor principle due to the relative ease of achieving high resolution images and
prospects for STS and nanoscale device fabrication. In addition, an optical interfer-
ometer was used in this work as the distributed sensor, although it is not necessarily
the only option.
Figure 1-3 summarizes Z disturbance suppression with this technique. The tun-
neling sensor (blue) is localized to an area of -0.2 nm2, as defined by the probe-sample
23
current path [10]. This sensor area is smaller than the sample features, and tunneling
is therefore highly sensitive to the topography. An interferometer (red) distributes
the probe-sample separation measurement over an area much larger than the features,
as defined by the spot size of the focused laser, -1000 im2, and is therefore insensi-
tive to sample topography. When the feedback loop is closed around the tunneling
sensor, the Z actuator will correct for Z disturbances. These corrections will appear
in the actuator signal but not at the output of either sensor. During XY scanning,
the actuator will make additional corrections for topography, which will therefore
not appear at the tunneling sensor output. However, these topography corrections
originate from changes that the interferometer cannot otherwise detect. As a conse-
quence, the interferometer will reveal the sample topography. Therefore, within the
feedback bandwidth, the interferometer shows only topography, the actuator signal
shows topography and disturbances (as in conventional SPM imaging), and the tun-
neling sensor shows neither. Disturbance suppression is inherent and real-time and no
subtraction is necessary. The effects of topography and disturbances on the actuator
and interferometer signals are illustrated in Figure 1-4. In this figure, the actuator,
interferometer, and tunneling signals can be estimated by the height of the actuator,
the optical pathlength, and the tip-sample separation, respectively.
The inherent disturbance suppression technique relies equally on the ability of
the localized sensor to image topography and the ability of the distributed sensor
to average it out. Therefore, although the interferometer is an optical sensor, it is
not intended to optically image the surface. Rather, it is only supposed to detect
corrective motions of the Z actuator to topography on the surface relative to an
reference XY plane. To avoid undesirable optical effects, feature sizes should be
limited laterally to below the laser wavelength, A = 670 nm. In Z, features should be
comfortably less than A/4, or -100 nm, to avoid nonlinearities in the interferometer.
Also, because tunneling requires conductive surfaces, only opaque samples will be
considered in this work, although transparent samples could be used at the expense of
the noise floor. Although these guidelines sound restrictive, large features and rough
samples are less affected by disturbances and do not generally require suppression.
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1.6 Potential impact
There are several ways in which the inherent disturbance suppression approach can
have a substantial impact on surface imaging. The first is in enabling and advancing
fundamental science through ultrahigh resolution imaging. Some of the most exciting
research of the last 15 years came from the group of Eigler, who first demonstrated
that an STM could be used to manipulate the most fundamental unit of matter, the
atom [26], and exploit its quantum nature to construct novel devices [27]. More recent
STM studies by Stipe et al. have investigated the structure [28] and dynamics [29]
of individual molecules. To date, due in large part to the resolution demands, such
advances have been limited to custom-built, ultrahigh vacuum, low temperature mi-
croscopes that are operated in extremely well isolated laboratory environments and
require hours to equilibrate before an image can be acquired. In fact, there are only a
handful of research groups capable of this ultimate level of imaging and manipulation.
The new suppression technique could make similar studies more accessible by enabling
high resolution on a simpler, commercial microscope in a more common laboratory
environment. It is conceivable that comparable performance could be achieved in am-
bient pressure and/or temperature conditions as well, depending on the application.
(a) Zint Zint
Z Zact±Zact act
sample scanned in XY: both signals reveal topography
(b)
probe disturbed in Z: only localized sensor is affected by disturbances
Figure 1-4: (a) Topographic imaging capabilities of both sensors (b) disturbance
suppression capability of the interferometer. Feedback is holding the tip-sample sep-
aration constant.
int
Z Zat+jactac
Alternatively, assuming noise levels of this technique can be sufficiently minimized,
it could potentially improve the resolution of high performance microscopes.
Another significant situation that could benefit from inherent disturbance sup-
pression is the imaging of nanoscale topography in a noisy environment. This is of
particular commercial relevance in the semiconductor and data storage industries,
where an SPM is a useful metrology tool in a fabrication facility. The SPM is unique
in its ability to image in three dimensions on the nanoscale with moderate through-
put, and is useful for analyzing substrate roughness and thin film morphologies in this
environment [30]. However, atomic resolution is desirable to image epitaxial films,
but fabrication facilities are full of large, high power machines that generate signifi-
cant disturbances and can limit the imaging resolution of nearby SPMs. To minimize
the effects of these disturbances, microscope manufacturers invest significant time
and money into vibration isolation [21]. With an inherent disturbance suppression
technique, imaging resolution can be improved without the need for this isolation,
saving the customer space and money.
These two examples define a wide range of applications that could benefit from
the approach introduced here. Many typical SPM users require high, though not sub-
Angstrom, resolution in a laboratory environment that is moderately noisy. Nanopar-
ticles, biomolecules, and molecular structure of self-assembled monolayers are other
systems widely studied in the literature that demand high spatial resolution but are of-
ten performed in nonideal laboratory environments. Inherent disturbance suppression
can make such studies more accessible by eliminating the significant environmental
demands usually required to achieve high resolution.
1.7 Thesis outline
The major contribution of this thesis is the introduction of a new technique for dis-
turbance suppression in SPM, successfully demonstrated on an STM setup. The de-
velopment of this technique required a custom-fabricated microcantilever with a novel
integrated interferometer, and a home-built STM with optical readout for imaging.
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Results are presented in the form of images acquired simultaneously on this micro-
scope by the conventional STM method (the actuator signal) and by the new approach
(the interferometer signal).
Chapter 2 provides the theoretical background necessary for describing the math-
ematical origin of disturbance suppression. The system is modelled according to
classical feedback theory to obtain some simple algebraic relations between various
signals in the frequency domain. These equations predict the frequency response of
each sensor to topography and disturbances and a quantitative estimate of distur-
bance suppression.
The microcantilever device is described in detail in Chapter 3. Both tunneling
sensing and interferometry principles are discussed as well as related design require-
ments and sample limitations. Notably, the geometry of this interferometer is novel
to SPM. The mechanical design of the cantilevers is also presented and justified.
Chapter 4 deals with microcantilever device fabrication. The process developed
results in 100 % yield and requires no critically timed etching steps. Furthermore, a
unique breakout tab design is introduced to facilitate low-risk removal of cantilevers
from the wafer.
Device characterization is reported in Chapter 5. The optical setup for the inter-
ferometer is presented and the performance of the interferometer is discussed. Tech-
niques for maximizing its sensitivity, which inconveniently has a nonlinear dependence
on separation, are suggested. Mechanical properties are measured to ensure that de-
vices were properly fabricated.
The design of the microscope is presented in Chapter 6. Instrumentation issues
are discussed at length. The frequency response of each component and the entire
feedback loop are described to ensure successful imaging and determine what limits
the feedback bandwidth. Estimates of various noise sources are made to predict the
resolution limit of the microscope.
Chapter 7 presents some images acquired with the disturbance suppression tech-
nique, showing its clear advantage over conventional STM imaging. This improvement
is described quantitatively by introducing controlled disturbances into the microscope,
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and is compared with the predictions from Chapter 2. Limitations of the current mi-
croscope design are mentioned.
Finally, Chapter 8 summarizes the accomplishments of this thesis. Future work is
proposed to improve the resolution of this technique and apply it to STS as well as
other forms of SPM, specifically tapping mode AFM.
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Chapter 2
System Modelling
This chapter describes the theoretical frequency response behavior of the two-sensor
microscope. The effects of introducing a second sensor (the interferometer) into a po-
sition control system (the STM) are predicted, in particular the frequency-dependent
noise content of the two sensor signals and the actuator signal. The final goal of
this chapter is to develop an expression for the disturbance suppression that can be
achieved compared to traditional SPM imaging. All results are derived from classical
feedback theory.
2.1 Transfer functions, signals, and noise sources
Table 2.1 defines the transfer functions of the system.1 Transfer functions are used
to describe the frequency response of each transducer, the feedback controller, and
the mechanical behavior of the microcantilever. Gain stages are included with their
relevant transfer function. For example, the tunneling signal is not detected as 1 nA,
it is detected as 100mV after being amplified by a 108 V/A transimpedance ampli-
fier. Therefore, this gain and its frequency dependence are considered a part of the
tunneling sensor transfer function.
The feedback analysis performed in this chapter assumes that all transfer functions
1Transfer functions are denoted by uppercase letters and signals and noise sources are written in
lowercase letters.
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transfer function units ] description estimate
C V/V feedback controller 63/s
A A/V actuator 2000
M A/A microcantilever 1
T V/A tunneling sensor 0.05
Ft .V/A interferometer 0.001
Table 2.1: Transfer function definitions.
are linear and time-invariant (LTI), which is reasonable to expect for most elements
of the system. However, the tunneling sensor is highly nonlinear and needs to be
linearized about an operating point in order to predict the system behavior. The
linearized tunneling transfer function results from differentiating Equation 1.1 with
respect to separation at the operating point (I = 1 nA, z = 1.5 nm):
z = -a/I = -0.5 nA/A (2.1)
This linear approximation, when multiplied by the amplifier gain, accurately repre-
sents the tunneling transfer function as long as perturbations around the operating
point are within 1-2 A. However, the work function will vary with time, resulting
in some time-dependent variation in the disturbance suppression performance. The
spatially distributed sensor, which is an optical interferometer, is also nonlinear, but
only over more than -100 nm. This should not be a problem since lateral feature
sizes are constrained to below the wavelength of light.
Also included in Table 2.1 is a numerical estimate of each transfer function as-
suming that all dynamics, except for an integrator in the controller, are well above
the feedback bandwidth and can be safely ignored. These expressions and this as-
sumption will be revisited in Chapters 5 and 6. The magnitudes of the actuator
and interferometer are estimated from previous research experiences. The tunneling
sensor magnitude is found from Equation 2.1. The unity magnitude of the microcan-
tilever results from the fact that 1 nm displacement of the Z actuator results in 1 nm
change in separation.
Integral control is proposed because it is the simplest controller that would be
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signal II units J description comment
act V actuator drive conventional SPM imaging signal
int V interferometer spatially distributed sensor
tun V tunneling sensor spatially localized sensor
noise source || units description example
dz A Z disturbances vibrations, thermal expansion
dxy A XY disturbances vibrations, thermal expansion
tz Z topography sample features
dTM A thermal-mechanical noise cantilever vibrations
nT A tunneling sensor noise work function fluctuations
nn A interferometer noise laser noise
nc V controller noise electronics noise
Table 2.2: Signal and noise source definitions.
considered for this system. The integrator is useful because it provides infinite gain
at DC (s = 0), which results in zero steady-state error. In other words, if the tunneling
current is set at 1 nA, the feedback will hold it at exactly 1 nA in the steady state.
Furthermore, the integrator introduces only 90 ° of phase shift out of the allotted
180 °. More than 180 ° of phase will cause the system to be unstable. The magnitude
of the controller, which is a manually tuned gain in normal STM operation, has
been selected in this example to achieve a -3 dB feedback bandwidth of 1 kHz, which
is typical for STM feedback loops. Changes in the magnitudes of other transfer
functions in the system, particularly the tunneling sensor, are compensated for by
adjusting the controller gain.
Signals appearing in this thesis are summarized in Table 2.2. This group com-
prises three signals commonly monitored during microscope operation: the actuator
signal, act, measured at the input of the Z actuator; the tunneling signal, tun, mea-
sured at the output of the tunneling current amplifier; and the interferometer signal,
int, measured at the output of a photocurrent amplifier. These signals all represent
displacements and may be converted to displacement units by multiplying or dividing
accordingly by the respective transfer function magnitude.
Also included in Table 2.2 are seven noise sources expected to influence the system.
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Sample topography is treated as a noise source due to its stochastic nature, although
it is really the signal to be measured and is not intended to be attenuated by the
feedback. Disturbances in both the out-of-plane (Z) and in-plane (XY) directions
must be considered as noise sources. In addition, sensor noise, controller noise, and
thermal-mechanical vibrations of the cantilever are included as potentially significant
sources.
A block diagram of the system is provided in Figure 2-1.2 The placement of noise
sources can be intuitively understood in most cases by considering their physical
origin. For example, work function fluctuations, represented by nT, mimic a displace-
ment in Equation 1.1. If the gain of T is increased, the noise contribution to tun will
increase, and nT must therefore be added before the tunneling sensor. However, nT
will depend on the cleanliness of the tunneling electrodes and not the cantilever dy-
namics, so it must be added after the microcantilever block. Similar arguments can be
made for nQ, which depends on the laser output and not the cantilever dynamics. The
locations of dz, dxy, and tz are deduced by considering an open-loop scenario where
the feedback loop is broken after the tunneling sensor: without feedback, the tun-
neling sensor would detect disturbances in all directions as well as topography, while
the interferometer would detect only Z disturbances. Thermal-mechanical noise is
treated as a white noise source, but will be affected by the resonance of the can-
tilever. In the case of the controller noise, nc, its location is uncertain and depends
on the internal hardware of the controller. Modelling the controller noise at the input
to the controller block represents the worst-case scenario when the noise is amplified
by the entire gain of C.
From the block diagram it is apparent that dxy, tz, and nT are indistinguishable in
measurements of act, int, and tun. In fact, XY disturbances, which include scanning
the surface relative to the tip, are precisely what cause Z topography to be detected.
Ultimately it is important to minimize both dxy and nT to get a pure measurement
of tz. However, in situations where it is not possible to reduce dxy, the scan speed
2Block diagrams were generated with the freeware program DiaGraph developed by Tomomichi
Hagiwara of Kyoto University and available at:
http://www-lab22.kuee.kyoto-u.ac.jp/ hagiwara/diagraph/man-dia/man-dia.html.
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Figure 2-1: Block diagram of the two-sensor system.
and scan size can be adjusted to minimize its impact, making nT a potentially more
disruptive noise source.
2.2 Signal expressions under the influence of noise
Using classical feedback theory [31], the signals are considered first in the open-loop
case with the feedback loop broken between the tunneling sensor output and the
setpoint summing junction. The setpoint is assumed to be OV. For this case, the
tunnel junction is envisioned to be stable and subject only to small perturbations
about a separation of 1.5 nm.
act = Cnc (2.2)
int = Q (nn + dz + MdTM + CAMnc) (2.3)
tun = T (nT + dz + dxy + tz + MdTM + CAMnc) (2.4)
Z disturbances are detected by both sensors but not the actuator, while topography
is detected only by the tunneling sensor.
With the feedback loop closed, Black's formula applies for any two signals sig,
and sig2 assuming an LTI system:
sig_ FSi92 1 F (2.5)
sigl 1+L
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where the forward path gain F is the product of the transfer functions in the path
from sig1 to sig2 and the loop gain L is defined as the product of all transfer functions
in the feedback loop. Superposition can be used to describe any signal in the loop as
a function of all noise sources:
L = CAMT (2.6)
act = AM L (dz + dx + tz + nT) + LdTM + n (2.7)AM [l+L Y +L 1+-L
int=Q [n+ l (dxy + tz + nT)+ dz + dT+ CAM (28)1+L 1+L 1+L 1+L .
tun = T 1L (dz + dxy + tz + nT) + l dTm + nc] (2.9)tu  +Lz±T + Ld l+ (2.9)
The terms in square brackets in Equations 2.7- 2.9 are all in displacement units.
Therefore, assuming that A, M, Q, and T are constant for frequencies within the
feedback bandwidth (as will later be shown), the variables Zact, Zint, and Ztun can be
introduced to describe the Z displacements measured by each transducer:
L LM CAM
Zact = (dz + dx + tz + nT) + dTm + nc (2.10)1+L 1+L 1+L
L 1 M CAM
zint = + (dx + tz+ nT) + dZ + d + nc (2.11)1 + L 1+L1+L 1+L
1 M CAM
1Ztun (dz + dxy + tz + nT) + dTM + nc (2.12)1+L 1+L 1+L
For frequencies below the feedback bandwidth, L > 1 and these expressions can
be simplified:
1
Zact (dz + dxy + tz + nT) + MdTM + Tnc (2.13)
1 M 1
Zint - (dxy + tz +nT + n) + -dz + dTM + -nC (2.14)L L T
1 M 1
Ztun L (dz + dxy + tz + nT) + -dT + -nc (2.15)
Equations 2.13-2.15 describe noise suppression in this system, which is summarized
in Table 2.3. Both Zact and Zint allow topographic imaging, but only the interferometer
signal enables the measurement of tz with suppression of dz.
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l signal II unsuppressed noise sources I suppressed noise sources
act dz, dxy, tz, nT, dTMnc
int dxy, tz, rT, nn dz, dTM, nc
tun dz, dxy, tz, dTM, nT, nc
Table 2.3: Summary of noise suppression in tunneling feedback, as revealed by Equa-
tions 2.13-2.15.
Effective application of this technique requires that four conditions be met, based
on Equations 2.13 and 2.14:
1. L 1 - All significant disturbances must have frequencies comfortably within
the feedback bandwidth.
2. dz + MdTM > nn - Noise introduced by the interferometer must be smaller
than the suppressable disturbances.
3. dz + MdTM > dxy + nT - Disturbances that can be suppressed must be at least
comparable to noise that cannot.
4. dz + MdTM > tz - The image must be adversely affected by suppressable
disturbances.
It will be shown in Chapter 6 that the first three conditions are addressed by the
microscope design, and that the fourth condition can be satisfied by imaging surfaces
with small features and/or by working in noisy environments.
The suppression can be quantified in the high-disturbance/low-noise limit by com-
paring transfer functions of zact/dz and zint/dz from Equations 2.10 and 2.11, assum-
ing dz is the only significant noise source:
Zact L (2.16)dz 1+L
Zint 1 (2.17)
dz 1+L
The disturbance suppression ratio (DSR) can be defined as the quotient of Equa-
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tions 2.16 and 2.17:
DSR L (2.18)
The DSR represents the maximum achievable suppression factor, as a function of
frequency, when using the spatially distributed sensor for imaging instead of the
conventional approach of using the localized sensor. This equation is valid only for
frequencies over which the transfer functions A, M, and Q are constant. To be
consistent with the definition of common-mode rejection ratio (CMRR) for differen-
tial amplifiers, the convention of a high DSR indicating better suppression is used.
Equations 2.16- 2.18 are plotted in Figure 2-2 for the transfer function estimates of
Table 2.1. To actually achieve this level of suppression would require that dz is the
only significant noise source in the system. In reality, this is only the case in environ-
ments that are extremely noisy in Z, but not XY. Nonetheless, the DSR is a useful
performance metric to ensure that disturbances are suppressed to a level below the
noise floor in the distributed sensor signal.
Figure 2-2 reveals that the disturbance suppression ratio for this system improves
at lower frequencies. The frequency where DSR=O0dB is defined by L =1 and is
roughly the -3 dB feedback bandwidth frequency. At this frequency, the performance
is the same using the actuator and the interferometer. Above this frequency, the
actuator performance is better than the interferometer, although both signals will
begin to suppress topography.
For a 1 kHz feedback bandwidth, building vibrations coupling into the system, esti-
mated at 1-100 Hz [32], will be effectively suppressed by 60-20 dB. Thermal expansion
and other drifts will dominate at frequencies lower than 1 Hz and will increase with
decreasing frequencies but will be suppressed by greater than 60 dB. By increasing
the bandwidth, these suppression values will increase linearly. Therefore, a system
with a high resolution interferometer, a bandwidth of 1 kHz or greater, and minimal
sensor noise would be very versatile and capable of high reolution imaging even in
noisy environments.
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Figure 2-2: Response of the actuator and interferometer to Z disturbances and the
disturbance suppression ratio (DSR) between the two for the two-sensor system in
the absence of other noise sources.
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Chapter 3
Device Design
This chapter presents the background necessary to describe all features of the mi-
cromachined cantilever developed for imaging. The cantilever is essential to enabling
STM imaging with effective disturbance suppression due to the requirement of high
coherence between the sensors. In other words, both sensors should be integrated on
the same miniature device to ensure that they measure the same probe-sample sep-
aration with a high similarity between the sensor outputs. However, microfabricated
components are generally not used in STM, and some issues related to micromachin-
ing the tunneling tip will be discussed. Furthermore, a high resolution displacement
sensor is required to complement the tunneling sensor, but must measure displace-
ment averaged over a large lateral (XY) area. A justification of the interferometer
selection will be presented as well as the geometry, novel to SPM, chosen to measure
separation. Finally, mechanical design considerations are introduced and a prototype
design is presented.
3.1 Micromachining the tunneling tip
3.1.1 Tip sharpness and resolution
STM imaging is typically performed with a sharpened metal wire oriented perpen-
dicular to the sample. This wire is commonly 0.25 mm in diameter and made of a
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platinum-iridium alloy or tungsten. For STM in air, wires are sharpened either me-
chanically, by cutting at an oblique angle with a pair of high-grade scissors, or electro-
chemically [33]. The mechanical technique, in particular, may result in a sharpness as
high as several /im, but with an edge roughness that allows single atom protrusions
suitable for tunneling.
Tip sharpness in STM, however, does not fundamentally limit the XY image
resolution, as it does in AFM. In contact mode AFM, for example, the contact area
is defined by the tip sharpness, resulting in an averaged measurement of topography
over that area. Great care is taken by AFM cantilever manufacturers to sharpen tips
to 20 nm or less. In STM, by contrast, the exponential nature of the tunneling current
(Equation 1.1) effectively limits tunneling to the atom closest to the surface [8]. In
other words, almost all of the current will flow across the smallest separation between
an atom on the tip and an atom on the surface. Even for a blunt tip, one atom can be
expected to be slightly closer than the others, enough to dominate the current path.
However, the sharpness and tip angle, or how quickly it comes to a point, will limit
the XY imaging resolution in STM for surfaces that are not atomically flat. For a
blunt tip or a tip that tapers slowly to a point, the topography may be rough enough
such that which atom is closest to the surface changes during the scan, resulting
in poor resolution and distorted features. Electrochemically etched tips are very
sharp and steep compared to what can be easily microfabricated. In STM in general,
however, it is more interesting to take advantage of the high out-of-plane resolution
of tunneling and look at smaller features on flat substrates. Furthermore, smaller
topography is more significantly affected by disturbances. Thus the focus will be on
flat sample surfaces that permit blunter tips and a wide range of tip angles.
3.1.2 Work function
Another concern with tunneling using a micromachined device is the metal film qual-
ity. Film quality can be quantified by the work function: a high work function implies
clean surfaces, while a low work function suggests the presence of contaminants or ox-
ides in the tunnel junction. Consequently, as revealed in Equation 2.1, displacement
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sensitivity increases with work function. For this reason, noble metals, which do not
oxidize, are favored for tunneling applications. Bulk metal tips are very pure and can
be mechanically resharpened, resulting in high work functions and clean tunneling
signals. Thin films, however, have two drawbacks: the fact that they are thin makes
them liable to delaminate in the event of a tip-sample crash, requiring the use of
an adhesion layer; and the film and its adhesion layer can interdiffuse and oxidize,
yielding low work function values. These problems have been addressed by Kenny et
al. [34], who suggest the use of a Au film with a Ti adhesion layer and a Pt diffusion
barrier to prevent Ti migration to the surface and maximize the work function.
3.2 Interferometer background
Although the localized sensor, the tunneling sensor, is selected by the application,
STM, the spatially distributed sensor may be selected with some freedom. The spa-
tially distributed sensor has three requirements for successful implementation: it must
measure tip-sample separation with Z resolution comparable to the tunneling sensor,
it must take a spatial average of this measurement over several m2 or more in XY,
and it must be easily integrated into a micromachined device.
3.2.1 Deflection detection
An instinctive first choice is the optical lever [19, 20], which is used on commercial
AFMs to detect the tip-sample force. The use of the optical lever would allow the
two-sensor setup to be easily implemented on a commercial SPM system. However,
a careful consideration of optical lever sensing principles (Chapter 1) rules it out
because the optical lever detects cantilever bending and not probe-sample separation.
To use this sensor successfully would require at least intermittent contact between the
cantilever tip and sample. This contact would short out the tunneling junction and
cause damage to the metal thin films. Similarly, piezoresistive sensing [35], which
involves a stress-dependent resistance measurement of a resistor implanted into a
cantilever, would suffer from the same problem, although its simplicity is otherwise
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(a)
(b)
Figure 3-1: Tip-sample separation measurements via (a) deflection detection, and (b)
direct separation measurement.
appealing.
A geometry is proposed in Figure 3-la that would allow the use of a deflection
sensor for this application; a custom-fabricated cantilever with two in-line tips is
required. The tip at the end of the cantilever must be insulating, while the other tip,
used for tunneling, must be conductive. By bringing the insulating tip into contact
with the surface, a correlation between cantilever deflection and tunneling tip-sample
separation is established, and deflection detection techniques can be used for spatially
distributed sensing.
Although devices were developed based on the two-tip principle, this approach is
ultimately not feasible and was abandoned. XY scanning is difficult due to friction
between the insulating tip and sample, which are always in contact. This friction could
cause cantilever buckling, torquing, or damage to the tip and sample. Furthermore,
the measurement is averaged over the interaction area between the contact tip and
sample, which is only 1 pim 2 or less.
3.2.2 Separation detection
Because of the drawbacks of deflection detection, direct separation detection was ex-
plored (Figure 3-1b). In this case, both sensors are integrated onto the cantilever and
measure the same cantilever-sample (or tip-sample) separation. They are expected
to be highly coherent so long as the tip and cantilever are rigidly connected and
move together. Two well developed techniques were considered for direct separation
detection: capacitive sensing and interferometry. The capacitive sensor measures
the capacitance between two surfaces (cantilever and sample). The interferometer
measures the intensity of light reflected off of the two surfaces after interference. Ca-
pacitive sensing was quickly eliminated because of the possibility of electrical coupling
with the tunneling sensor and the need for very low noise detection circuitry.
Two common implementations of interferometry in SPM will be discussed, both of
which were initially demonstrated for deflection detection in AFM. The first, invented
by Rugar et al. [36] for AFM, does not require custom micromachining of the scanning
probe. A laser-coupled optical fiber is mounted within a few microns of the probe and
perpendicular to its surface such that it illuminates the backside of the cantilever.
Light reflected from the cantilever couples back into the fiber, where it interferes with
light reflected from the fiber end. The fiber is connected to a directional coupler so
that the intensity can be detected by a photodiode. The intensity depends sinusoidally
on the fiber-cantilever separation, which is modulated as the sample surface deflects
the cantilever. The major drawback of this technique is that it requires the fiber to
be mounted very close to the cantilever with a high degree of stability. Instead of
just vibrations in the cantilever and sample affecting image quality, the fiber position
now affects it as well. Nonetheless, sub-Angstrom displacement sensing has been
frequently demonstrated with this approach. The fiber-optic interferometer has also
been adapted to measure both fiber-cantilever and fiber-sample spacing [37], although
modulation was required to separate the two measurements.
The other implementation, demonstrated by Manalis et al. [38] (Figure 3-2(a)), is
completely integrated into the scanning probe. This probe features two cantilevers,
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one with a tip, and both with an array of "fingers" attached to them. The fingers
are interdigitated, creating a phase-sensitive diffraction grating. When the grating is
illuminated with monochromatic, coherent light from a laser, deflections of the tip
cantilever relative to the reference cantilever are detected as changes in the intensity
of a diffracted mode. The changes in intensity of the 0th and 1st order diffraction
modes, Io and I1, can be expressed in terms of the deflection z and the wavelength A:
I0 cos2(A ) (3.1)
I - sin2( 27z (3.2)A
This technique is important because it is the intensity, not the position, of diffracted
modes that contains the displacement information. Compared with the optical lever
technique, the interdigitated grating results in measurements that are less sensitive to
vibrations of the various optical components. For example, assuming the photodiode
is larger than the diffracted mode being monitored, vibrations in the mode position
caused by lens or photodiode vibrations will not be detected.
This second, simpler approach has been adapted to measure tip-sample separation
instead of cantilever deflection (Figure 3-2(b)). As suggested by a design used in an
acoustic sensor [39], a single array of slits can be used with a single cantilever. The
slits serve as one-half of the diffraction grating, while the sample surface serves as
the other half. In this configuration, Equations 3.1 and 3.2 can be more explicity
written [40]:
I = Ii cos2( Aj) (3.3)
4Ii. sin2 (2z) (3.4)
where i, is the incident laser intensity. These relations are plotted in Figure 3-
3. Odd modes higher than one are dim, and even modes higher than zero do not
appear at all. This geometry effectively closes the structural loop [41, 42] between tip
and sample without any mechanical contact needed between the two. Furthermore,
unlike the interdigitated configuration, no light is lost through transmission, resulting
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Figure 3-2: Interferometry to measure (a) cantilever deflection relative to a reference
cantilever and (b) cantilever-sample separation.
in brighter mode intensities.
The primary disadvantage of this technique is the nonlinear relationship between
intensity and separation, characteristic of interferometers. In Chapter 5, some propos-
als for biasing the sensor (setting the operating point of the interferometer response
to a point of maximum sensitivity and linearity) will be discussed.
There are three design parameters that must be considered with this interferom-
eter geometry: the pitch p, the finger width 6, and the number of fingers N (p and
J are defined in Figure 3-2, which depicts N = 3). The pitch determines the angular
separation of the diffracted modes. The angular separation between the zero- and
first-order modes 9o,j is defined by [43]:
sin 9o,i =- - (3.5)
p
The smaller the pitch, the wider the separation between adjacent modes, and the
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Figure 3-3: Calculated intensities of diffracted modes, normalized to the incident
intensity, as a function of displacement.
easier it is to isolate one to measure its intensity. The finger width determines the
distribution of the incident laser light. By setting = p/2, light will be evenly
distributed between the cantilever and sample, providing the maximum possible in-
terference intensity range and the highest sensitivity. Finally, the number of fingers
must be large enough to ensure that the grating area is larger than the area of the
incident beam, which has a diameter of roughly 30 Am.
For this device, fabrication limited the smallest feature size to 1 m. Although
it was desirable to minimize the pitch, larger dimensions resulted in more reliable
fabrication and less significant edge roughness effects. Based on previous work [38,
39], a pitch of 12 Am was chosen with a finger width of 6 im and 6 fingers. At an
observation distance of 2", this pitch results in a mode separation of 3 mm. A finger
length of 50 ,m was selected, resulting in a grating area of 72 Am by 50 Am.
3.2.3 Sample limitations
Thus far, it has been discussed that flat samples will allow higher XY resolution
imaging and will be more adversely affected by disturbances than rough samples.
Tunneling also requires conductive samples, though the use of another type of lo-
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calized sensor would remove this restriction. However, now that interferometry has
been identified as the most viable sensing technique for distributed sensing, sample
limitations can be discussed in a quantitative manner.
First of all, it should be realized that each sample's topography has a unique
spectral distribution: it may be made up of terraces many microns or larger on a
side, atoms a few Angstroms wide, and/or anything in between. The incident laser
light of the interferometer is prone to diffraction by features with a characteristic
length greater than the incident wavelength, [44]. Resulting diffraction patterns
can be expected to vary when the sample is scanned laterally relative to the tip.
The effect of these diffraction patterns on the interferometer signal could increase
the noise level, although the extent to which this is the case depends on the spectral
distribution of the sample; a rigorous analysis is outside the scope of this work. To
ensure the absence of sample diffraction effects, sample topography should be limited
to less than in XY.
In the Z direction, topography is limited by the linearity of the interferometer.
For a perfectly biased sensor, slightly less than A/4 of topography, the displacement
between a peak and valley of the interferometer response, could be detected with
minimal image distortion. A conservative upper limit of 100 nm is recommended to
tolerate measurements when the interferometer is not perfectly biased.
For conductive samples with these limitations, high reflectance is virtually guar-
anteed. However, in other SPM modes, it is often desirable to image a transparent
mica or glass surface. In this case, a reflectance R less than one is expected [45]:
R= ( n- (3.6)
where ns and no are the refractive indices of the surface and medium, respectively.
For mica or glass in air, ns 1.5 and no z 1, resulting in R = 4 %. For low-reflectance
samples, therefore, the interferometer will work but will probably have a higher noise
level. It is likely that the noise increase can be minimized by reducing the thickness
of (or eliminating) the metal thin film coating on the cantilever.
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Finally, it is absolutely necessary that high coherence between the two sensors
be maintained. Although the rigid tip-interferometer connection will guarantee that
the two sensors move together, it is also necessary that the average feature height
measured by the interferometer does not change during a scan and is also the average
height measured by the tunneling sensor over the scan. The XY topography restric-
tion above also satisfies this requirement, as feature sizes larger than A have been
prohibited. For such samples, there is no restriction on the image size, although scan
sizes will rarely exceed 1 m.
Although these limitations are a bit daunting, in reality they have a minimal
effect on the applications of this work. In Chapter 6, it will be demonstrated that
ambient disturbances on a home-built system are in the single-Angstrom range, and
the interferometer-limited noise floor is more than an order of magnitude smaller.
Therefore, there is no need for this technique on samples with topography much
greater than that: the disturbance contribution is too small to have a significant
effect, even in a moderately noisy environment. The most problematic restrictions are
the lateral topography, as some annealed gold/mica substrates have atomic terraces
greater than A [46], and the reflectance, although many non-STM studies, including
AFM, are performed on gold-coated substrates.
3.3 Material selection
The practical material choices for low-stress cantilevers are silicon and silicon nitride,
both of which have well developed fabrication processes for AFM [47]. Nitride was
chosen as the cantilever material because the fabrication process is simpler and does
not require critically timed etching steps.
However, for this application, as will be discussed in the next section, stiff can-
tilevers are desired. Nitride has one major drawback: its thickness is limited to 1 /m, 1
requiring consideration of alternative techniques for stiffening cantilevers. Savran et
1In fact, nitride cantilevers are preferable for contact AFM, where a low spring constant is desired,
because the thickness can be precisely tuned to any value less than 1 /im.
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al. [48] have demonstrated a three-dimensional cantilever geometry to increase effec-
tive thickness while adding minimal mass, resulting in both a higher stiffness and
resonance frequency. This technique has been incorporated into this cantilever design
in the form of a finned cross-section, and will be described in the next section.
3.4 Mechanical design
The mechanical design of a high resolution displacement sensor generally requires
that thermal-mechanical noise be minimized. The rms noise for frequencies below
the cantilever resonance is represented as a function of spring constant k, resonance
frequency fo, quality factor Q, temperature T, bandwidth B, and Boltzmann's con-
stant kB [49]:
2)1/2 = 4kBTB
(z Qk2irfo (3.7)
The two parameters that can be easily varied are the spring constant and the res-
onance frequency, both of which should be maximized. However, for the proposed
two-sensor system, thermal-mechanical noise is a suppressable disturbance, and its
magnitude is not critical in the design of the cantilever.
There are other reasons, though, for maximizing both the spring constant and the
resonance frequency. A stiff cantilever (high k) is required because forces between tip
and sample can be several nN. This is quite dramatic for a separation of 1 nm and
can result in jump-to-contact instabilities [50] which cause the tip to snap into the
surface, short out the tunneling junction, and damage the metal thin films. Kenny [51]
has proposed, as a general rule, a spring constant of at least 1 N/m to avoid these
instabilities in tunneling sensors; to be conservative, at least 10 N/m is desired for
these devices. However, it has also been suggested [8] that tip-sample crashes are
inevitable but recoverable and that the metal thin films will be damaged more for
stiffer cantilevers. Therefore, an upper limit of 100 N/m has been established. The
resonance fi:equency must be maximized so that its dynamics do not limit the feedback
response. In other words, it must respond much faster to applied forces than the
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feedback. A value of around 100 kHz is desired to ensure a negligible effect on the
feedback bandwidth.
For a rectangular cantilever, the spring constant is [49]:
Ewt3
k= 4L3 (3.8)
and the resonance frequency is [52]:
1 k 1.02 E tfo= -= L (3.9)27r mf 27r p L2
In these equations, the width is w, the thickness is t, the length is L, the Young's
modulus is E, the effective mass is meff, and the density is p. To maximize the spring
constant and resonance frequency, and consequently minimize the thermal-mechanical
noise, it is necessary to maximize the thickness and minimize the length.
However, another way to ensure a high resonance frequency is to decrease the
effective mass - in other words, to create a structure with a "hollow" cross-section.
For this application, due to processing restrictions (to be described in Chapter 4),
a cross-section with two hollow triangular "fins" was selected (Figure 3-4). The
spring constant and resonance frequency for a cantilever with this cross-section can
be found by finding the moment of inertia I through the centroid and substituting
into the following more general forms of Equations 3.8 and 3.9:
k=3E (3.10)
fo = 2r 2mL 4 (3.11)
where ml is the mass per unit length of the cantilever. The calculated spring constant,
resonance frequency, and thermal-mechanical noise are presented in Table 3.1 for three
different geometries: a thin, rectangular cross-section, 0.8 Aum thick by 70 Am wide; a
thick, rectangular cross-section, 5.8 Mm thick by 70 tm wide; and the cross-section of
Figure 3-4 with d= 5 m, t = 0.8 /m, and w = 70 /m (the value of b does not affect
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Figure 3-4: Proposed cantilever cross-section with 0 = 54.7 °.
parameter cross-section
thin thick fins
k (N/m) 0.93 360 52
fo (kHz) 70 510 500
<z2)1/ (IV/H) 2.0e-4 3.8e-6 2.5e-5
Table 3.1: Calculated mechanical parameters for a thin, rectangular cross-section
(70 /m x 0.8 /m), a thick, rectangular cross-section (70 um x 5.8 m), and a fin cross-
section (w = 70 im, t = 0.8 /m, d = 5 m, and 0 = 54.7° ) of a silicon nitride cantilever
with L = 120/um, Q = 100, E = 180 GPa, and p = 3000 kg/m 3 .
the calculations). All three geometries have length L = 120 pm and = 54.7 ° and are
made of silicon nitride, for which E = 180 GPa and p = 3000 kg/m 3 [53]. A value for Q
of 100 is predicted from other cantilevers of the same material and a similar resonance
frequency 54]. The advantage of using the finned cross-section over the thin cross-
section is seen by the increased k and fo. The thick cross-section, by contrast, is too
thick to be fabricated with the available nitride film deposition tool.
The cantilever's bimorph effect should also be considered. Because the cantilever
is made of two materials with different thermal expansion coefficients (nitride and
gold), it will bend in response to fluctuations in local temperature. In the steady
state, this effect can be calculated by [55]:
tip = 3(od - nitridegold + tnitide L2AT (3.12)
nitride
K 4+6 tgold )+4 (tgold )+ Egold tgold + Enitride tnitride (3.13)
K = 46 itride \ tnitide + Enitride \tnitride) Egold tgold 3
where ztip is the deflection at the tip, tfil, afim, and Eflm are the thickness, thermal
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Figure 3-5: Pro/Engineer model of the device prototype.
expansion coefficient, and Young's modulus of each film, and AT is the temperature
change causing the deflection.
3.5 Device description
A solid model of the device is shown in Figure 3-5. The interferometer features an
array of 6 slits 6 pm wide with a pitch of 12 pm. The fins, used to stiffen the cantilever,
require no extra fabrication steps. Dimensions of the tip and cantilever are similar
to AFM cantilevers given the mechanical constraints: the tip height is 15 pm, the fin
depth d is 5 ipm, the fin length Li,, = 120 pm, and the cantilever is Ltot- = 235 Pm
long by 70 pm wide by 0.8 ipm thick. The tip is located 140 pm from the base of the
cantilever and Lti = 20 pm from the end of the fins.
To estimate the mechanical parameters of this device, it can be considered as two
separate cantilevers connected end-to-end: the finned section is very stiff with a high
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resonance frequency, while the rest of the cantilever is much more compliant with a
lower resonance frequency. The tip itself has been ignored in all calculations. The
resonance frequency is expected to be dominated by the low compliance section. With
the dimensions and material properties given above, a resonance frequency of 70 kHz
is calculated. Furthermore, the resonance frequency of a finger was calculated to be
1.6 MHz, and will not affect the accuracy of the interferometer measurements.
To calculate the stiffness at the tip, however, both the long, finned section and
the short, thin section (from the end of the fins to the tip) must be considered. After
calculating the moments of inertia, Is and Ithin, of the finned and thin sections,
respectively, the compound spring constant can be calculated by [43]:
3EIthip [1 + thin 1 1 (3.14)
n = Ltp(Ltp + Lfi,) (3.15)
This results in a spring constant estimate of 28 N/m and a thermal-mechanical noise
floor of 3.7e-5 A/V/IH, much lower than the anticipated sensor noise levels.
The bimorph noise for the thin section of length Ltip was calculated to be 4 A/°C
using tgold = 40 nm, agold = 1.4e-5 /C, anitride = 2.3e-6 /°C, and Egold = 80 GPa. If the
imaging is performed in a closed box, sub-Angstrom deflections over several seconds
can be expected. However, bimorph deflections are low frequency disturbances and
should be suppressed by the interferometer.
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Chapter 4
Device Fabrication
The device fabrication process is presented in this chapter. It is based on a previous
process [47] for nitride AFM cantilevers but allows the inclusion of the new finned
structure and interferometer without adding any fabrication steps. Furthermore, it
incorporates a new and robust breakout tab design to allow easy removal of devices
from the wafer.
4.1 Fabrication process
The fabrication process is outlined in Figure 4-1. All fabrication was performed in the
MIT Microsystems Technology Laboratories using 4"-diameter silicon wafers. Three
photolithography steps are required: one to define the tips and fins, one to define
the cantilevers and slits, and one to define the back side for device release. For all
of these steps, a standard thin photoresist (Shipley OCG 825) was used following
a hexamethyldisilazane (HMDS) adhesion treatment. The resist was spin-coated at
2000 rpm for 30 seconds, baked at 90C for 30 minutes, exposed, developed for 1
minute (Shipley OCG 934 1:1 developer), and baked at 120°C for 30 minutes prior
to further etching steps.
The first step was to define the tip and fins. 200 nm of thermal silicon oxide was
grown on the wafers and the oxide was patterned on one side by photolithography.
The oxide was etched in a HF-based buffered oxide etch (BOE) solution to open
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* nitride
silicon
Tip and fins defined by
KOH etch.
Silicon-rich nitride
grown by LPCVD.
Cantilever and slits
defined by dry etch.
Die defined by dry etch.
Release by KOH etch.
Figure 4-1: The fabrication process. Cross-sections are defined by the dashed line in
the top figure (top view).
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holes over the tips and fins. The remaining resist was then stripped off in a piranha
solution (3 parts sulfuric acid and 1 part hydrogen peroxide), and the wafers were
etched in a 25% (by weight) potassium hydroxide solution saturated with isopropanol
and heated to 800C. The KOH etch is anisotropic and prefers to etch the {100} silicon
planes over the 111} planes with greater than 10:1 selectivity. It also etches (100}
silicon 100 times faster than thermal oxide. By defining the oxide holes as circles
and rectangles, inverted pyramids and triangular prisms, respectively, were etched
into the silicon. These features act as a mold for the tips and fins of the nitride
cantilevers. Upon the formation of these shapes, no more {100} planes were exposed
and the etch slowed to the 111} etch rate, essentially self-terminating. At this
point, the remaining oxide was stripped from the wafers in BOE. 0.8 Am of silicon
nitride was then deposited by low-pressure chemical vapor deposition, which filled the
KOH-defined features conformally. The nitride was deposited using a SVG Vertical
Thermal Reactor, resulting in a non-stoichiometric silicon-rich nitride (10:1 Si:N) with
extremely low film stress.
The next step was to define the cantilever and slits. The same sides of the wafers
were coated with photoresist and patterned, and the exposed nitride was etched in
an SF6 plasma down to the silicon surface. Remaining resist was again removed in
piranha. The photomask used in this step also defined one side of the device dies and
breakout tabs.
Finally, it was necessary to release the devices so they could be easily detached
from the wafers. The unpatterned sides of the wafers were patterned with photoresist,
the exposed nitride was etched in an SF 6 plasma, and the remaining resist was stripped
in piranha. This step defined the other side of the dies and breakout tabs. The release
was performed in the same KOH solution and required at least 6 hours, long enough
to etch through the wafer from both sides and then reduce the breakout tabs to a
steady state geometry. This etch is also self-limiting due to the unique breakout tab
geometry and the fact that KOH does not attack the nitride.
Once the wafers were released, devices could be detached with tweezers and were
metallized in an e-beam evaporator. 4 nm of Ti, 4 nm of Pd, and 40 nm of Au were
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Figure 4-2: SEM of released device.
deposited sequentially to coat the tips. Deposition rates of 0.1-0.2 A/s were set in
an attempt to minimize film stresses. Pd was used instead of Pt [34] because of
difficulties in getting Pt to melt evenly in the evaporator.
The main advantage of this process is that neither of the KOH etches (nor the
SF 6 etches) needs to be critically timed. Once the steady state KOH geometries (the
inverted tip, the inverted fins, and the breakout tabs) are defined, further etching only
results in the much slower removal of silicon in the (111) directions. Therefore, even
if there are variations in etch rate across the wafer, it can be safely overetched and
a high yield can be achieved. With this process, devices were successfully fabricated
with 100 % yield. A scanning electron micrograph (SEM) of a released device is shown
in Figure 4-2.
4.2 Breakout tabs
Conventional wafer sawing is not always an option to remove devices from a wafer
since it can contaminate or destroy the devices. The fabrication of breakout tabs is
therefore critical to the successful release of many MEMS devices. Breakout tabs are
used to hold the device dies to the wafer frame; they are broken with tweezers in
order to remove the device from the wafer. The difficulty in fabricating breakout tabs
is that they must be robust enough to survive the aggressive and long KOH release,
but fragile enough to be easily broken without damaging the cantilevers. Typically
the required dimensional precision is achieved by ensuring that the etch rate of the
release is uniform across the wafer and timing the 6 hour release etch to the minute.
With a timed etch, underetching may result in tabs that are difficult to break, while
overetching can result in detachment of devices in the etch bath.
Here a new breakout tab geometry is presented. The principles behind the forma-
tion of the newly developed breakout tabs are illustrated in Figure 4-3. The figure
illustrates a cross-section of a breakout tab during various stages of the release. The
critical point in the etch is when it first breaks through the wafer (the second step
in the figure sequence). At this point, convex corners are present which are prone
to being quickly etched by the solution. The convex corners disappear once the tab
reaches its steady state geometry. This configuration has two advantages: it is self-
limiting because the steady-state geometry is defined by 111} planes, and thus it
does not require a precisely timed release or sacrificial geometry [56, 57]; and the
breakout tab width is lithographically defined and can be made as thin as a few pm,
making it easy to break. An SEM of a released device with a steady-state breakout
tab is shown in Figure 4-4.
61
nitride
silicon
Figure 4-3: Defining breakout tabs.
Figure 4-4: SEM of a fully formed breakout tab.
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Chapter 5
Device Characterization
After the cantilever release, devices were characterized to ensure that they were prop-
erly designed and fabricated. The optical setup used for characterization is described,
followed by the interferometer response measurement (interferometer signal vs. ap-
plied displacement). Biasing techniques to maximize the sensitivity of the nonlinear
interferometer are discussed. Finally, the mechanical characterization results (spring
constant, resonance frequency, and quality factor) are presented.
5.1 Optical setup
The optical setup is illustrated in Figure 5-1. The cantilever is mounted on a magnet
and secured directly to an optics board to maximize its rigidity. The sample is
mounted magnetically on a Z piezo stack actuator (Thorlabs/NEC AE0203D04),
which is used to modulate the cantilever-sample separation. A power amplifier (Apex
PA93) with a gain of 10 is used to generate the high-power signals necessary to drive
the actuator. The actuator is epoxied to a goniometer (Newport 561-GON), which is
secured to a three-axis translation stage (Newport 562-XYZ), which is mounted on
the optics board. The goniometer is used to adjust the angle of the sample relative to
the cantilever, as the interferometer will function optimally for a parallel cantilever
and surface. The translation stage is used to position the cantilever over the sample
and to bring the sample near contact with the tunneling tip. The latter operation
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Figure 5-1: Optical setup for measuring deflection with the micromachined interfer-
ometer. Detection of a first-order mode is illustrated.
is performed by using a motorized actuator (New Focus Picomotor) on the Z axis of
the translation stage.
A 5 mW, 670 nm laser diode (Hitachi HL6722G) driven in constant current mode
(Thorlabs LDS500 Driver) was collimated (Thorlabs LT220P-B collimation package),
passed through a beamsplitter (Thorlabs BS013), and focused to a 30I m spot on
the cantilever grating at near normal incidence. Focusing was performed with a
1"-diameter achromatic lens (Thorlabs) mounted on a three-axis translation stage
(Newport 462-XYZ) to achieve the necessary alignment and spot size. Diffracted
modes were transmitted back through the achromatic lens, resulting in collimation,
and were deflected by the beamsplitter. A cylindrical concave lens (Thorlabs) was
used to spread the modes out away from each other, and one of the modes was
isolated by an iris diaphragm aperture (Thorlabs ID25). The zero-order mode was
usually selected because its intensity was the highest. This mode was focused with
a 1"-diameter achromatic lens (Thorlabs) onto a large-area, reverse-biased photodi-
beamsplitti
ode (Thorlabs DET110). The photocurrent was amplified by a current-to-voltage
amplifier (Keithley 428) with a typical gain of 105 V/A and the DC offset subtracted.
A considerable benefit of this interferometer, like the interdigitated version, is its
relative insensitivity to vibrations of the optical components. This is primarily due to
the fact that intensity is being measured and not, as with the optical lever, reflected
spot position. The diffracted mode is focused to a small spot on the large-area
photodiode such that, even in the presence of vibrations in the spot position, it will
remain within the active area of the photodiode. This characteristic enables ultra-
sensitive position sensing without the need for a mechanically optimized detection
setup and generally results in a smaller minimum detectable displacement than with
the optical lever [38].
5.2 Interferometer response
The interferometer was tested by modulating the actuator in the Z direction. The
measurement was taken with the tip within a few pm of the sample surface, just far
enough to prevent contact, and the goniometer adjusted to make the cantilever and
sample parallel. The angle could be estimated during the goniometer alignment by
looking at the specular reflections of the laser off the cantilever and sample individ-
ually; these reflections were coincident when the cantilever and sample were parallel.
The actuator was scanned back and forth at 10 Hz while the intensity of one of the
modes was recorded. The plot of mode intensity vs. Z displacement (measured at the
voltage input of the power amplifier) is shown in Figure 5-2. Because the Z actuator
was limited to 1 m travel, this figure shows several measurements stitched together.
It is clear from Figure 5-2 that the performance of the interferometer in this geom-
etry is outstanding. Unlike interdigitated geometries [38], neither the peak-to-peak
amplitude nor the period of the interferometer response curve changes noticeably over
5 gim of displacement. Furthermore, according to Solgaard [58], when the cantilever-
sample separation approaches the coherence length of the laser, the peak-to-peak am-
plitude of the interferometer response will begin to attenuate as a result of increased
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Figure 5-2: Measured intensity of a first-order diffracted mode as a function of dis-
placement. This plot represents several curves stitched together, due to the limited
travel range of the Z actuator.
laser phase noise. This is clearly not the case, suggesting that the interferometer can
be used over at least 5 /m without adversely affecting the performance.
This sensor and piezo are straightforward to calibrate from the interferometer re-
sponse. According to Equations 3.3 and 3.4, every period of the sinusoid corresponds
to A/2 of displacement. Therefore, the piezo sensitivity can be accurately calibrated
using only the laser wavelength and the actuator voltage (in other words, by deter-
mining how much voltage is required to deflect the actuator to result in one period
of the interferometer response). This value was repeatedly measured to be 2000 A/V.
The interferometer sensitivity can be approximated by measuring the peak-to-peak
voltage of the interferometer response (at the output of the photocurrent amplifier)
and dividing by A/4. A more accurate sensitivity value can be obtained by fitting a si-
nusoid to the interferometer response and differentiating with respect to displacement
at the point of interest. A typical value for this sensitivity was 10- 8 A/A.
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5.3 Biasing techniques
The major disadvantage of interferometry, as mentioned earlier, is that it is nonlinear
and requires linearization. Because the response is sinusoidal with separation, so,
too, is the sensitivity, its derivative. The sensitivity when the tip is brought to within
2 nm of the sample for tunneling cannot be predicted. Depending on the nanoscale
topography of the tip and the local topography of the surface, the interferometer could
be either at a midpoint of the sine curve (the ideal location) or the top or bottom (the
worst case). If it is at the midpoint, the sensitivity is maximized, resulting in a high
signal-to-noise ratio. If it is at the top or bottom, a change in position will result in
no change in intensity, making the sensor completely ineffective. These are also the
least linear points because the slope can be inverted with very small displacements.
Biasing involves adjusting the measured intensity so that it is at the midpoint of
the sine curve. The best way to do this is to change the cantilever-sample separation,
as measured by the interferometer, although tuning the wavelength is also an option.
By adjusting the laser spot position on the interferometer (which is done remotely
using Picornotors to move the focusing lens in XY), small stresses in the cantilever will
result in small changes of the measured separation. This simple adjustment results in
optimized sensor performance. Similarly, during tunneling feedback, the XY offset of
the sample can be adjusted with the same result: the sample topography will ensure
that there is some change in interferometer signal as the actuator reacts to keep the
tunneling current constant.
It is important to note that even with a perfectly biased sensor, the dynamic range
of the interferometer, without feedback, is limited to the linear region of the sensor,
-100 nm (a bit less than A/4, the displacement between an adjacent maximum and
minimum on the interferometer response curve). Therefore, even though the sensor
can be biased such that it measures separation for tip-sample separations from 0 to
10 m, it can only do so over ±50 nm, at best, around a particular operating point.
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5.4 Mechanical characterization
The easiest way to measure the resonance frequency fo, the spring constant k, and
the quality factor Q of the microcantilever is to measure the thermal-mechanical
noise spectrum [48]. However, the thermal-mechanical noise of these cantilevers is so
small that it cannot be measured with the interferometer. Therefore, two separate
measurements were necessary: one to obtain fo and Q by measuring the cantilever
frequency response, and one to obtain k with a second, calibrated cantilever. Both
measurements required an optical lever sensor and therefore were taken with a test
cantilever with no slits, a width of 50 um (as opposed to 70g/Lm for the actual devices),
and a length of 100/zm from the end of the fins to the end of the cantilever (as opposed
to 120/m).
The first measurement was performed on a custom setup with an optical lever
sensor.1 The setup is similar to the previously described interferometer setup except
that it has no translation stages and is extremely rigid. A gold-coated cantilever was
excited electrostatically with a sharp needle brought within 50 lm of the cantilever.
Because electrostatic actuation only works under attractive conditions, a DC offset
of 20 V was added to the needle. The actuation signal was provided by a network
analyzer (Agilent 4395A) and was roughly 1 V in amplitude. The signals from the split
photodiode (UDT Sensors SPOT-2D) of the optical lever setup were subtracted and
measured by the network analyzer to obtain the frequency response. The magnitude
response, shown in Figure 5-3, reveals a clear resonance peak at a value close to
100 kHz. Several other peaks were visible at higher frequencies and are believed to be
higher resonances of the cantilever. The quality factor obtained from the first peak
is 93.
The spring constant was measured based on a previously developed technique [59].
This measurement relies on bringing a cantilever of known spring constant in contact
with the unknown cantilever. The experiment was performed on a commercial SPM
(Veeco D3000) in contact mode AFM. A silicon cantilever (NanoDevices Tap300) with
1The optical lever setup was built by Thomas Burg and George Popescu, both of whom provided
valuable assistance for this measurement.
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Figure 5-3: Magnitude response of a cantilever, as measured with an optical lever
setup and electrostatic actuation. The figure reveals fo=100 kHz and Q=93.
a known spring constant of 40 N/m was used as the reference cantilever. To calibrate
the optical lever sensor, the silicon cantilever was brought into contact with a rigid sur-
face to produce a linear force curve. The slope of this curve was 40 nm/V, which rep-
resented the nm piezo extension required to bend the cantilever to produce an optical
lever signal change of 1 V. The same procedure was repeated using a nitride cantilever
device as the sample, which resulted in a force curve slope of 100 nm/V. Therefore, the
silicon cantilever bent by 40 % of the applied displacement when deflected against a
nitride cantilever, while bending by 100 % of the displacement against a rigid surface.
By conservation of energy, the nitride cantilever deflection must have been 60 % of the
applied displacement. This implies that knitride = 40/60 ksi = 0.67ksi = 27 N/m, very
close to the predicted value of 26 N/m. The measurement results are summarized in
Table 5.1.
As mentioned earlier, the test cantilevers had slightly different dimensions than
the imaging cantilevers: they were narrower (50 im vs. 70 pm), shorter (100 m vs.
120 m from the end of the fins to the end of the cantilever) and had no slits. The
overall agreement between predicted and measured values for the test cantilevers
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parameter predicted measured
k (N/m) 26 27
Q 100 93
(z2)l/2 (A/v/) 3.2e-5 3.2e-5
Table 5.1: Expected and measured cantilever mechanical parameters for the test
cantilever (width of 50im, low compliance length of 100/Im, no slits). Expected
values are calculated except for Q, which is estimated.
suggests that the imaging devices will have fo - 70 kHz, k _ 28 N/m, and Q 93
with a thermal-mechanical noise level of 3.8e-5 A/-VIz.
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Chapter 6
Microscope Design
An STM with optical readout was required to demonstrate disturbance suppression
with the microcantilever device. Although modifying a commercial SPM was con-
sidered, there were many uncertainties about the demands of the interferometer,
specifically regarding the angular alignment of the cantilever, sample, and laser. To
maximize alignment flexibility, a custom microscope was designed and constructed
based on the optical setup described in the previous chapter. This chapter discusses
all issues relevant to the design and characterization of this microscope.
The microscope design process requires two important steps: maximizing the
feedback bandwidth and minimizing the noise floor. Higher bandwidth allows faster
imaging and higher loop gain L for each frequency within the bandwidth, resulting
in higher disturbance suppression (Equation 2.18). The noise floor determines how
precisely the tip-sample separation can be measured - in other words, it defines
the Z resolution of the microscope. The design process involved dividing the mi-
croscope into functional components (the blocks in Figure 2-1) and measuring the
frequency response of each component. All components were tested for linearity and
time-invariance, and all satisfied these criteria except for the tunneling sensor. The
overall frequency response of the integrated microscope in tunneling feedback was
then measured and compared with expectations. Finally, the noise sources of Ta-
ble 2.2 were measured or estimated to evaluate the noise floor. A bandwidth of 1 kHz
(and preferrably 10 kHz) was desired, as well as a noise floor below 0.1 Arms from
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DC to the feedback bandwidth [22].
It is crucial to be aware that little effort was made to achieve high rigidity in
the microscope. On the contrary, the intention was to build an instrument that was
susceptible to disturbances at the expense of image quality and show improvement
by using the interferometer. This shows that the two-sensor approach works and
demonstrates the feasibility of this technique for nanoscale imaging in a noisy envi-
ronment. The home-built system unfortunately prevented the imaging of atoms due
to considerable lateral disturbances, as will be shown in this chapter.
As explained in Chapter 2, though, as long as suppressable disturbances adversely
affect imaging, are greater than the added noise of the distributed sensor (interfer-
ometer), and are within the feedback bandwidth, any microscope with a similar two-
sensor device will show effective disturbance suppression. Furthermore, according to
Pohl [22], the requirement for atomic resolution imaging is 1 Arms stability in XY
and 0.1 A rms in Z. The lateral condition can be met with a slightly more rigid mi-
croscope. Therefore, modification of a commercial STM with decent lateral rigidity
to incorporate inherent disturbance suppression would likely be capable of enhanced
atomic imaging.
Disturbances can originate from vibrations travelling through the table or from
acoustic waves travelling through air. For this work, acoustic effects were eliminated
by building the microscope in an acrylic box lined with acoustic foam. In addition, the
box was lined with aluminum in an effort to reduce 60 Hz noise (and its harmonics).
The microscope was built on an optics table which could be floated on air to allow
some reduction of disturbance coupling. All measurements in this chapter were taken
with the table floated.
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6.1 Frequency response design
6.1.1 Interferometer
The details of the optical detection setup were presented in Chapter 5. To measure
its frequency response, the laser was focused onto the microcantilever grating and the
intensity of a single mode was measured with the photodiode. Cantilever dynamics
were eliminated from the measurement by the absence of a sample surface. The
intensity of the laser was modulated by the driver and the amplitude of the response
was measured. A typical current amplifier gain, 105 V/A, was used. All frequency
response measurements were made with a network analyzer (Agilent 4395A) and are
shown in Figure 6-1. The magnitudes have been normalized to have a response of
0 dB at 100 Hz, which is the actual response of the feedback at that frequency.
The magnitude of the interferometer is very uniform over the entire measured
frequency range with an expected -3 dB bandwidth of several hundred kHz. However,
the phase response deviates significantly from the expected value of zero over the same
range. Fortunately, the interferometer is not in the feedback loop and will not affect
its dynamics, although measurements of the interferometer signal may have some
phase distortion compared to the actuator signal. The low frequency phase behavior
is thought to be caused by the modulation electronics, which will not actually affect
the interferometer dynamics.
6.1.2 Microcantilever dynamics
The magnitude response measurement of the microcantilever was also discussed in
the previous chapter. Figure 5-3 confirmed that the measured resonance frequencies
of the devices were close to their design values. The frequency response of a 70 kHz
device can be estimated by shifting the 100 kHz response down to 70 kHz, resulting
in the profile in Figure 6-1.
The magnitude and phase of the microcantilever undergo significant changes, but
not until frequencies close to the 70kHz resonance peak. This frequency is much
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Figure 6-1: Measured magnitude and phase responses of each block and the feedback
response, L/(1 + L). The magnitudes were normalized to 0 dB at 100 Hz in order to
coincide with the feedback response. Dotted lines represent projections for frequencies
that were not measured.
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higher than the desired feedback bandwidth and the microcantilever dynamics can be
safely ignored. In addition, because the magnitude of this transfer function is one, the
microcantilever block can be completely removed from Figure 2-1. This simplification
makes the effect of thermal-mechanical noise dTM identical to Z disturbances dz
within the feedback bandwidth.
6.1.3 Actuators
All SPMs require a high-precision three-axis scanner: X and Y for scanning the
sample surface during imaging and Z for controlling the tip-sample separation with
feedback. Piezoelectric materials are the almost exclusive choice due to their infinite
displacement resolution (limited only by the drive electronics) and the variety of
shapes and sizes into which they can be manufactured. The most common geometry is
the tube scanner, which combines X, Y, and Z actuators into a single cylindrical shell
element with properly placed drive electrodes [60]. In this configuration, longitudinal
actuation is used for Z, while bending modes are used for X and Y actuation. While
this scanner minimizes the complexity of the microscope, it generally possesses lower
bandwidth in Z than a simple one-dimensional stack actuator.1
In this application it is desirable to have Z actuation over 1 m with sub-Angstrom
precision. To minimize electrical noise, at least several mV of drive voltage per A
of displacement were desired, demanding the use of high voltage electronics. This
precision is not necessary in X and Y and can be sacrificed for the simplicity of
a low-voltage implementation. In this work, in the interest of time and simplicity,
the Z actuator was separated from the XY actuator. A Z stack actuator providing
1 m displacement with +100 V was used in addition to a separate, custom-built XY
plate scanner providing 1 m displacement with ±15 V. The scanner was constructed
by scribing the piezo element from a buzzer (Panasonic, EFB-RD24C411) into four
quadrants; the procedure is described in detail elsewhere [61].
The Z actuator was mounted on the optics board and held the tip or device
1 Since imaging is typically performed at a few Hz, and rarely above 40Hz, the XY bandwidth
of the scanners is of little consequence.
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Figure 6-2: Schematic of the home-built scanning tunneling microscope. The optics
have been excluded, but are identical to Figure 5-1.
magnetically. The sample was magnetically mounted to the XY scanner which was
secured to the goniometer. As described in the previous chapter, the goniometer was
attached to a three-axis translation stage, which was fastened to the optics board. A
high-voltage op amp was used to drive the Z actuator. A schematic of the microscope,
without the optical setup, is shown in Figure 6-2.
The frequency response of the actuator setup was measured by positioning a mi-
crocantilever device over the sample surface, vibrating the cantilever with the Z
actuator, and measuring the interferometer signal. From earlier measurements in an-
other experimental setup, the resonances between 10 and 30 kHz can be attributed
to the Z actuator. However, the small peaks between 1 and 5 kHz cause sharp and
substantial phase shifts and eventually a dramatic phase dropoff. These peaks corre-
spond to the expected Z resonance of the plate scanner and will unfortunately limit
the overall response of the Z actuator. Even the small peak at 1.2 kHz results in 500
of phase shift, bringing the system close to instability. It is suspected that there is
acoustic coupling between the Z actuator and XY scanner [62] that amplifies the
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lower frequency peak magnitudes to the observed levels.
In a future iteration of the microscope, it would be advisable to replace the XY
scanner with one that exhibits a higher Z resonance. Such a scanner is likely to be
stiffer and require high voltage drive electronics to achieve 1 m of XY actuation.
With this modification, though, feedback bandwidths approaching 10 kHz should be
attainable.
6.1.4 Tunneling sensor
The tunneling sensor is essentially a high gain current amplifier. In this microscope,
its input is connected to the tunneling tip, and the bias voltage that generates the
tunneling current is applied to the sample through a voltage buffer. Several home-
built tunneling amplifier circuits based on others' designs [60] were tested, but the
bandwidths of these amplifiers were found to be at most a few kHz due to high
input capacitance. Instead, a commercial current amplifier (RHK IVP-200) designed
specifically for STM was used. This amplifier has a gain of 108 V/A and a bandwidth
specification of 50 kHz. It is advertised to be insensitive to input capacitance up to
100 pF.
To test the current amplifier, the simple linear test circuit shown in Figure 6-3 was
used. During tunneling, 1 nA is typically generated by applying 100 mV across the
tunnel junction. Therefore, a resistor of 100 MP was selected as a voltage-to-current
converter. Tip-to-sample capacitance is expected to be negligible [49], although the re-
sistor has a parasitic capacitance of 10 pF. A 100 pF capacitor was connected between
the amplifier input and ground to simulate the bandwidth-limiting tip-to-ground ca-
pacitance present in a real tunneling setup. This value is higher than expected during
tunneling and represents a worst-case scenario. The frequency response measurement
reveals that, while the -3 dB bandwidth is higher than 100kHz, a large phase shift
effectively limits its use in feedback to frequencies below 30 kHz.
It is also necessary to find the work function value, which directly affects the mag-
nitude of the tunneling response (Equation 2.1). The work function can be measured
in tunneling feedback (discussed in the next section) by modulating the current set-
79
tunneling amp
Vin
Figure 6-3: Test circuit for the RHK IVP-200 tunneling amplifier.
point at a frequency within the feedback bandwidth and measuring the tunneling and
actuator signals with lock-in amplifiers. These measurements can be converted into
AI and Az, respectively, and the work function can be found using Equation 2.1.
However, this equation assumes that perturbations (the setpoint modulation) are
small. A better measurement can be made by connecting a logarithmic amplifier in
the feedback loop between the tunneling amplifier output and the setpoint summing
junction. The log amp has the effect of linearizing the tunneling sensor and allows the
use of Equation 2.1 without the small perturbation restriction. Although a commer-
cial logarithmic amplifier (SRS SR235) was used, it made the feedback more difficult
to stabilize, and it was not for imaging. The work function, as measured both with
and without the log amp, tended to stabilize around 0.1 eV, although it was found to
decrease to as low as 0.01 eV at times. The stabilized value is slightly smaller than
the 0.2 eV widely reported in the literature [8] but is not unreasonably low.
The work function fluctuations are perplexing, but can be attributed to the effects
of dxy. As pointed out by others [63], the work function has a strong spatial depen-
dence and may change dramatically based on whether the measurement is taken on
top of a gold grain, for example, or a grain boundary. A laterally vibrating tip will
result in a work function measurement that depends on the vibrations and sample
topography. Clearly this measurement will need to be revisited on a system with
lower lateral vibrations. Another potential problem is contamination of the tunneling
junction, which can result in a low, time-dependent work function measurement. Due
to the difficulty of measuring the work function-dominated tunneling noise (discussed
later in this chapter), it must be assumed that the work function is constant. This
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assumption is somewhat validated due to the negligible effect of tunneling noise in
the images presented in Chapter 7.
6.1.5 Controller
A simple analog integral controller with adjustable gain was chosen for the tunneling
feedback. Integral gain minimizes the steady-state error of the system; therefore, if
the tunneling current is set at 1 nA, it will be held at almost exactly that value. More
advanced control strategies were abandoned in favor of the simplicity and predictabil-
ity of the integrator.
The basic feedback design strategy was to make the loop gain L monotonically
decrease with frequency and cross the unity gain threshold with greater than -180 °
of phase. This approach will allow the tunneling tip to track the surface with high
accuracy, especially at low frequencies where disturbance levels are high. The phase
requirement must be met to ensure that the system is stable. The integrator satisfies
this strategy, as its magnitude decreases one decade for every decade of frequency
increase. It only contributes -90° of phase to the loop gain, allowing 90° of phase
margin before the onset of instability.
If the transfer functions of all blocks in the feedback loop are known and never
change, the optimal gain of the integrator can be calculated and fixed to ensure that
the unity gain crossover frequency of the loop gain, which is roughly equal to the
feedback bandwidth, is maximized without consuming all 90° of the phase margin.
However, the work function term in Equation 2.1 is both difficult to predict and time
variant, so a tunable gain was built into the integrator to allow the user to optimize
the gain in tunneling feedback before imaging.
The controller, along with all other analog circuitry built for the microscope, used
AD713 op amps with gains for each op amp not in excess of 100. This precaution was
necessary because the op amps have a gain-bandwidth product of 4MHz, and this
gain kept the bandwidth comfortably above 10 kHz so it would not noticeably affect
the feedback bandwidth. The controller electronics are very similar to the design
presented by Albrecht [64].
81
The integrator was tested for gains up to G = 20, 000 and frequencies up to
100kHz. In practice, a gain of a few hundred was typically used, depending on
the work function value, but testing with a high gain allowed for a worst-case mea-
surement of the frequency response. No unexpected dynamics were evident in the
amplitude, although significant phase shift was measured beginning at 10 kHz. This
phase shift is attributed to the op-amps, whose magnitude response is expected to
drop off sharply above 100 kHz.
6.1.6 Feedback behavior
Finally, the microscope was tested in tunneling feedback. To bring the tunneling
tip to within 2 nm of the surface, a computer controlled engagement procedure was
implemented using National Instruments LabVIEW software. After manually setting
the tip-sample separation to a few /am with the translation stage and an optical
stereomicroscope, the engage procedure was completely automated and usually lasted
about a minute. First, the feedback was turned off and the tunneling signal was
measured to make sure the tip and sample were not in contact. The on-off state
of the feedback loop was controlled by an analog switch (Maxim MAX319), which
shorted the integrator gain to zero in the off state. Second, the feedback loop was
turned on. This caused the Z actuator to extend itself toward the sample in an
effort to detect a tunneling current. If a tunneling current was detected, the feedback
would stop extending the actuator and maintain the desired current value; otherwise,
the actuator would reach the end of its range. In the latter scenario, the feedback
would be turned off with the analog switch, resulting in the actuator returning to its
rest position. The Picomotor would then step the sample closer to the tip, and the
process would repeat. Once tunneling feedback was established, the integrator gain
was adjusted to optimize the feedback bandwidth and stability.
The optimal feedback dynamics can be predicted by looking at the transfer func-
tions of the four blocks of the feedback loop. The magnitude and phase of the loop
transfer function can be estimated by adding the contributions of each block (the
magnitudes are actually multiplied together, but on a dB scale they are added). In
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Figure 6-1, the magnitudes have been normalized and the crossover frequency cannot
be estimated, but the limitations of the current microscope design can be observed.
The controller, microcantilever, and tunneling sensor have fairly uniform magnitude
and phase until 10 kHz, when all three begin to exhibit noticeable phase shifts. If
the actuator behavior was also uniform, a feedback bandwidth of 10 kHz could be
expected. However, the steep phase roll-off of the actuator phase at 3 kHz places a
hard upper limit on the feedback bandwidth. In practice, it is best to leave a safety
margin and cross over before any sharp phase shifts in case the work function value
were to increase. Therefore, typical feedback bandwidths between 200 and 800 Hz
were observed.
The feedback dynamics were tested with the network analyzer by modulating
the setpoint and measuring the tunneling signal, resulting in a transfer function of
L/(1 +L). The magnitude of this function will be one at low frequencies, and L above
the feedback bandwidth, which in this measurement was observed to be about 200 Hz.
The resulting response is shown in Figure 6-1 for frequencies above 100Hz. The
magnitude clearly reveals the slope of the integrator superposed with the dynamics
of the actuator. The actuator dynamics overwhelm the dynamics of the other blocks
(except for the expected integrator slope), which can be ignored in the analysis of
this microscope. The phase of the feedback is observed transitioning from the low
frequency regime, where its value is zero, to the high frequency regime, where its
value is the sum of the four components and is dominated by the steep rolloff of the
actuator.
6.2 Noise analysis
All noise measurements were performed by filtering the signal of interest with an
eighth-order elliptic low-pass filter (SRS SR640) with a cutoff frequency of 1.2 kHz to
prevent aliasing. Signals were acquired with LabVIEW at a sampling rate of 3 kHz
for 100 seconds. Power spectral densities (PSDs) were calculated and averaged over
a frequency range of 0.1 Hz to 1 kHz.
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Figure 6-4: Power spectral densities (PSD) of noise signals measured without feed-
back. The rms values were calculated from 0.1 Hz to 1 kHz.
6.2.1 Interferometer noise
The interferometer noise was measured by illuminating a cantilever grating with the
laser but without a sample surface present to cause interference. This configuration
has the effect of removing tip-sample vibrations from the measurement while including
noise from the laser and vibrations of the optical components. Properly calibrated,
the intensity of a diffracted mode will reveal the interferometer limit, n..
Because there is no tip-sample separation to modulate in this configuration, the
calibration to relate mode intensity to separation must be calculated using Figure 3-3.
The relative DC intensities of the zero-order and first-order modes in this measure-
ment can be matched with points on the curves in the figure, which show the mode
intensities for a configuration with a sample surface. The slopes at those points are
equal to the hypothetical displacement sensitivities for each mode if there was a fixed
sample surface causing interference. These values are used to relate mode intensity
to sensor fluctuations that mimic displacement.
a dz+i = 0.78 A rms
o n. = 0.055 Arms
O nc = 0.0042 Arms
. -. d M= 0.001 ArmsTM
As discussed in Chapter 2, this noise source, nn, represents the noise added to the
system by the interferometer in exchange for the disturbance suppression capability.
It must be less than dz in order for the technique to provide any imaging advantage.
Figure 6-4 reveals that the sensor noise of the interferometer is in fact very low.
Integrating the square of the PSD from 0.1 Hz to 1 kHz and taking the square root
reveals the rms noise to be 0.06 A. The 1/f nature of nn suggests that it is not limited
by shot noise of the photodetector, which is frequency independent and often limits
interferometers. Also, there are no large peaks in its PSD (excluding harmonics of
60 Hz), which means that optical setup vibrations have a negligible effect. In fact,
both modes were found to have the same photocurrent noise when normalized by their
DC values, suggesting that laser intensity noise limits the interferometer. This noise
could be reduced even more by subtracting or dividing by a reference laser intensity
measurement.
6.2.2 Out-of-plane disturbances
Z disturbances can be measured with the interferometer by introducing the sample
surface into the measurement. The sample was brought to within a few microns of the
tip with the translation stage while the Z actuator was modulated at 10 Hz, just like
the measurement of interferometer response (Figure 5-2). The intensity of a mode was
monitored, and for a parallel cantilever and sample, the mode responses vs. actuator
displacement were sinusoidal with a high amplitude ( 10 A peak-to-peak). In the
case of a response that was not purely sinusoidal, the angle was adjusted and the
response was measured again.
The actuator modulation was turned off once an appropriate interferometer re-
sponse was achieved and the sensor was biased by moving the sample in Z with
the Picomotor. The Picomotor moves the stage position in 30 nm steps and thus is
capable of setting the operating point at the middle of the sine curve. The displace-
ment sensitivity is easily calibrated by the procedure described in Chapter 5. Noise
measured with the interferometer will always include the interferometer noise, no.
As seen in Figure 6-4, the rms noise of Z disturbances is 0.8 A, more than an
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Figure 6-5: Block diagram of the controller noise measurement.
order of magnitude higher than the sensor noise. The shape of the PSD is also much
different and is mostly comprised of a series of peaks. These peaks correspond to
resonances of various components of the microscope, notably the sample translation
stage. It also includes thermal expansion terms from the stage and piezos, drift from
the epoxy used to mount the piezos, and the bimorph effect of the cantilever. These
effects give the PSD a 1/f baseline above that of the interferometer.
It should be emphasized that because the microcantilever response M 1, its
deflection noise is equivalent to a disturbance. However, the thermal-mechanical
noise is too low to be measured by the interferometer and must be calculated from
Equation 3.7 given the measured device parameters from Chapter 5. As shown in
Figure 6-4, it will have a negligible contribution to the dz measurement and can be
ignored.
6.2.3 Controller noise
The noise of the controller can be measured separately from the rest of the microscope
by shorting its output to one of the inputs of the differential amplifier (where the
tunneling amplifier output is usually connected) and grounding the other input (where
the setpoint is usually connected). This unity feedback configuration, illustrated in
Figure 6-5, results in a transfer function:
Vo,,t C G 1
= o 1+ -+ -'+ 1 (6.1)
For frequencies less than G, this transfer function simplifies to one, and the controller
output is equal to the noise nc.
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The controller noise was measured using G = 20,000 so that v
,
,t = nc up to
3kHz; its PSD is shown in Figure 6-4. Its value is so low that, along with the
thermal-mechanical noise, it can be ignored.
6.2.4 Tunneling sensor noise and in-plane disturbances
The tunneling sensor noise, nT, and XY disturbances, dxy, are the most difficult
sources to measure accurately because they are difficult to distinguish from each
other and from the topography, tz. The contribution of dxy or tz can be minimized
by scanning or holding the tip at a fixed point, respectively. Ideally, scanning with a
perfectly flat surface would allow nT to be measured, since tz = dxy = 0 in this case,
but such a surface is not available.
To measure nT+ dxy, it is necessary to use tunneling feedback. To understand the
measurement better, it is helpful to look at a block diagram of the system simplified
based on the results of this chapter (Figure 6-6). In this figure, nc, dTM, and M
have been omitted, constants have been substituted into T and Q, and C has been
represented as an ideal integrator. Equations 2.13 and 2.14 can be simplified:
zact dz + dxy + tz + nT (6.2)
1
zint dxy + tz + nT + n + dz (6.3)L
Unfortunately, even with tz = 0, this setup has substantial XY disturbances for the
same reason it has Z disturbances: it was not optimized for rigidity. XY disturbances
will mimic topography: they will not show up in the disturbance noise measurement
described earlier in this chapter, but they will affect the actuator and interferometer
signals in tunneling feedback.
Figure 6-7 shows PSDs of the interferometer and disturbance signals from Figure 6-
4, as well as PSDs of act and zi,,t both of which were measured in tunneling feedback
with a typical feedback bandwidth of 300 Hz. The noise roll-off at 300 Hz due to the
feedback is evident in the PSD. Both Zact and zint are very similar in shape and value,
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Figure 6-6: Simplified block diagram of the two-sensor system.
and both are slightly higher than dz. If XY vibrations were insignificant, we would
not see any peaks in the PSD of zin,,t, since it rejects Z disturbances. The increased
baseline in Zact and Zi,t relative to dz could be attributed to nT and/or dxy. This
measurement concludes that XY disturbances are significant and that tunneling noise
may be significant as well. To say anything more quantitatively about the tunneling
noise would require a setup with dxy < nT.
The fact that XY disturbances are large should not be surprising. The microscope
design does not ensure that vibrations will be primarily along the Z axis, and it is
more likely that they will be roughly equal in all directions. XY disturbances can
be minimized by removing translation capabilities from those directions, since the
translation stages have springs in them that are susceptible to disturbances. How-
ever, this would make alignment and engagement more challenging. The large XY
disturbances prevent all noise sources from being independently measured, but do not
prevent this technique from being successfully applied. On the contrary, as mentioned
in Chapter 2, XY scanning will tend to obscure the effects of lateral disturbances,
especially for large scan sizes or fast scan speeds. This realization will be evident in
the next chapter.
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Figure 6-7: Power spectral densities (PSD) of significant noise signals. The rms values
were calculated from 0.1 Hz to 1 kHz.
6.2.5 Closed-loop noise
The final noise measurement that is necessary is the tunneling signal in tunneling
feedback, which can be simplified from Equation 2.15:
ztun - zact (dz + dxy + tz + nT) (6.4), L
This measurement, also shown in Figure 6-7, is important because it confirms the
loop transfer function L and reveals how well the feedback is holding the tunneling
current constant. Since L is large at low frequencies and decreases as frequency is
increased, noise attenuation is expected (and observed) to decrease with frequency as
well. At the feedback bandwidth, 300 Hz, there is 0 dB attenuation, at 30 Hz there is
-20 dB attenuation, at 3 Hz there is -40 dB attenuation, and so on. Above 300 Hz, the
attenuation does not improve.
It is essential to realize that zt,, is not the noise floor of the system. On the
contrary, the noise floor could be as high as zint in Figure 6-7, which would seriously
X zint =dxy+n+nT
= 2.7 Arms
o Z actdz±+dxy+nr
= 1.7 A rms
Sdz = 0.78 Arms
o nQ = 0.055 Arms
V Ztun= (dz+±d+n)/L
= 0.078 A rms
limit the usefulness of the two-sensor technique. However, because scanning minimizes
dxy, the noise floor is probably considerably lower than zit, and could be as low as
nn - dz/L if nT is negligible. For this microscope under these conditions, the best
noise floor achievable would be equal to the sum of nn and Ztu, or 0.1 Arms. This
results in a suppression factor of 16 relative to dz from 0.1 Hz to 1 kHz.
Ideally a measurements dz on various commercial microscopes would be useful in
assessing the suppression possible on those systems. However, without integrating
an interferometer setup, one cannot distinguish Z disturbances from sensor noise
and XY disturbances. Given that the interferometer noise can be further reduced,
though, it is likely that this technique can improve imaging resolution even on high
end commercial microscopes.
6.3 Design evaluation
The microscope design can be evaluated by revisiting the four criteria from Chapter
2 that will ensure effective disturbance suppression.
1. L>1
Figure 6-7 confirms that this statement is true for frequencies up to 200Hz. By
comparing the expressions for Zact and zt,,:
L Z act (6.5)
Ztun
and L > 1 for Zact > Ztu.
2. dz > ni
This condition is upheld based on the results in Figure 6-4 over the entire frequency
range of 0.1 Hz to 1 kHz.
3. dz > dxy + nT
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It is unknown whether this condition is satisfied or not. Figure 6-7 implies that
dxy ~ dz, but while scanning the effects of dxy can be reduced. Because the expected
1/f shape of nT is not clear in the noise spectra of Zact and Zint, it is likely that dz > nT.
This hypothesis will be confirmed by the suppression evident in the next chapter.
4. dz tz
This condition is more of a restriction on the samples imaged than the microscope
itself, and will be easily satisfied for fiat samples and small scan sizes.
In summary, imaging on the microscope designed and evaluated in this chapter
with the micromachined device described in previous chapters is expected to result in
effective disturbance suppression for very flat samples with a closed-loop bandwidth
up to 800 Hz and an anticipated out-of-plane resolution as low as 0.1 A rms.
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Chapter 7
Results
In this chapter, results confirming successful implementation of the proposed inherent
disturbance suppression technique are presented [65]. The home-built microscope
allows disturbances synthesized from a function generator to be added to the controller
output signal. By first demonstrating suppression of large synthesized disturbances
at a fixed sample location (without XY scanning), the disturbance suppression ratio
(DSR) can be quantified without worrying about the effects of topography, lateral
disturbances, and sensor noise.
Images comparing the traditionally measured actuator signal and the interfer-
ometer signal are then presented. Imaging was performed both under synthesized
disturbance conditions and in the presence of ambient disturbances alone. For the
latter measurement, the microscope environment was made noisy by mechanically
grounding the optics table so that it was no longer air-floated.
7.1 Suppression of synthesized disturbances at a
fixed sample location
As has been discussed throughout this work, the proposed disturbance suppression
technique is effective at suppressing only Z disturbances dz and requires that dz >
dxy + tz + nT + nn while scanning in XY, and dz > dxy + nT + nn without scanning.
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To ensure that these conditions are met in a microscope with large dxy, it is only
necessary to increase the magnitude of dz. To do this, an electronic signal can be
added to the output of the controller to create large Z disturbances with the Z
actuator. These disturbances are electrically generated within the system and do
not couple in from the outside environment. They are mathematically equivalent
to external disturbances for frequencies over which the actuator transfer function is
constant. In order for measurements of act to remain accurate, they must be taken
at the input of the synthesized disturbance adder.
To demonstrate disturbance suppression, a microcantilever device was loaded into
the microscope, the optics were aligned to generate sinusoidal modes, and the system
was brought into tunneling feedback and biased. A current setpoint of 1 nA and a
sample voltage of 100 mV were used and the scanning was turned off. At this point,
in addition to the function generator signal (SRS DS345) added to the controller
output, lock-in amplifiers were connected to both the output of the controller (before
the disturbance signal was added) and the output of the interferometer. Disturbance
excitations between 10 and 200 nm of purely sinusoidal profiles were added, and the
responses of the actuator and interferometer signals were measured by the lock-ins.
The high disturbance levels ensure that the measurement will not be noise-limited.
The responses were allowed to reach steady-state values before they were recorded.
These measurements were taken for excitations from 1 Hz to 10 kHz.
Figure 7-1 shows the results of this measurement (the markers) fit to curves derived
from classical feedback theory (Equations 2.16-2.18) given the observed feedback
bandwidth. The actuator and interferometer responses are plotted as normalized to
the amplitude of the excitation. The actuator signal shows no attenuation of the
disturbances within the feedback bandwidth, while the interferometer response shows
excellent attenuation, especially at the lowest frequencies. The curves show excellent
agreement with the data points until the XY actuator begins to resonate in Z (above
1 kHz). The DSR is the ratio of the interferometer and actuator curves and, on
the log-log scale, follows a linearly decreasing trajectory with a slope of -1. This
result confirms Equation 2.18, which predicts that the DSR will be equivalent to the
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Figure 7-1: Z disturbance suppression in the actuator and interferometer signals,
normalized to the applied disturbance, and the disturbance suppression ratio (DSR).
The disturbances were large enough to eliminate suppression limitations from the
noise floor. The markers represent discrete measurements and the curves are fit using
Equations 2.16 - 2.18.
loop gain, L, whose slope is determined by the integrator. The maximum measured
disturbance suppression ratio is 50 dB at 1 Hz.
7.2 Suppression of synthesized disturbances dur-
ing imaging
The success of the disturbance suppression technique is best illustrated by the images
it produces. The images in this section are taken under the influence of synthesized
disturbances with I= 1 nA and V = 100 mV. All scanning is performed by applying
triangle waves to each axis of the XY scanner. A high frequency (0.1 to 50 Hz) signal
is applied to one of the axes, while the other is subject to a signal at least a factor of
ten lower, resulting in a raster scan of the surface. To obtain an image, the actuator
and interferometer signals are measured every half-cycle of the high frequency scan
signal (e.g., when the scan signal is increasing) for a half-cycle of the low frequency
scan signal. The bias of the interferometer was monitored during the scan to ensure
it did not approach insensitive regions of the response curve.
An immediately noticeable advantage of the technique is the effect of sample tilt on
the measurement. In traditional SPM imaging, because the sample is never mounted
perfectly perpendicular to the Z axis (as defined by the actuator), the actuator will
have to adjust to the sample tilt as the tip scans along the sample surface. For
many images, it has been found that tilt overwhelms the topography of the sample
and must be subtracted offline to resolve any features. In commercial SPMs, the tilt
is subtracted by removing the 1D tilt from each scan line individually in addition
to plane-fitting the entire image. However, the image fitting procedure sometimes
results in artifacts, or distortions of some imaged features. Furthermore, when the
tilt is large and the sample topography is small, the gain that can be applied to the
actuator signal is limited. Depending on the resolution of the data acquisition unit,
this may limit the Z resolution of the image.
The inherent tilt correction also addresses the problem of piezo bow. Like tube
scanners, this scanner deflects in XY by bending, not by pure translation. Therefore,
the sample will not scan in a plane but will scan like a pendulum. This bowing effect
has the same effect as sample tilt, but produces nonlinear image distortions, making it
difficult to remove off-line. Its out-of-plane effects will be absent from interferometer
signal images.
Because the disturbance spectrum (Figure 6-4) is comprised of both a series of
resonant peaks and a 1/f baseline, disturbances of each type will be considered sepa-
rately.
7.2.1 Sinusoidal disturbances
Figure 7-2 is the result of imaging a gold calibration grating with a 1 Hz, 160 nm
sinusoidal disturbance. Included for reference at the top of the figure is the same
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grating imaged in a quiet laboratory environment on a commercial (Veeco D3000)
STM. The calibration grating features 20nm deep grooves with a sawtooth cross-
section and 200nm pitch.' The sample was imaged over a 500nm by 250nm area
at a scan rate of 0.5 Hz; 1024 points were acquired per line over 64 lines. Both the
actuator and interferometer signals were filtered with sharp 410 Hz anti-aliasing filters
and recorded by LabVIEW. For all images presented, the actuator signal was planefit
as described above, while the interferometer signal was unprocessed.
The effectiveness of the disturbance suppression is apparent from the images. The
actuator image suffers significantly from the 1 Hz modulation - in fact, it cannot be
properly identified as a grating. The interferometer signal, on the other hand, is easy
to interpret. The grain structure of the gold can be clearly seen and the cross-section
accurately resolves the sawtooth profile.
One other distinct difference between the images is the apparent inversion of high-
frequency signals: the grain boundaries appear to be valleys in the actuator signal (as
expected) and peaks in the interferometer signal. This is because the actuator and
interferometer transfer functions (their responses to topography) are fundamentally
different. Although they are equivalent at low frequencies, the interferometer signal
exhibits more phase shift at frequencies around and above the feedback bandwidth.
This problem can be solved by imaging such that all frequency content is well within
the feedback bandwidth and is not subject to further phase shifting. A higher feedback
bandwidth microscope will alleviate this problem.
7.2.2 Broadband disturbances
To show suppression of a broadband disturbance, white noise was generated by the
function generator, filtered by a first-order 35 Hz low-pass filter, and added to the con-
troller output. The estimated rms noise added to the system was 10 nm. The imaging
conditions are the same as for the 1 Hz excitation, and the images are presented in
Figure 7-3.
1 The calibration grating samples were kindly provided by Chulmin Joo, Chih-Hao Chang, Ralf
Heilmann, and Mark Schattenburg of the MIT Space Nanotechnology Laboratory.
97
ACTUATOR (commercial STM)
25(
0-E.
50
4-a
0 X (nm) 500 U x (nm) 3uu
ACTUATOR (custom STM)
250
E
200
NC:
0 X (nm) 500 0 X (nm) 500
INTERFEROMETER (custom STM)
250
EC
50
E
N
0 X (nm) 500 0 X (nm) 500
Figure 7-2: 500 nm by 250 nm images of a gold calibration grating imaged at 0.5 Hz
with a 160 nm peak-to-peak, 1 Hz sinusoidal disturbance excitation. Images are from
the actuator signal of a Veeco D3000 system and the actuator and interferometer
signals of the home-built system, with respective cross-sections. The actuator images
have been planefit, but the interferometer image is raw. The color scales are the same
as the scale for each cross-section.
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Figure 7-3: 500 nm by 250 nm images of a gold calibration grating imaged at 0.5 Hz
with a 10 nm rms white noise disturbance excitation. Images are from the actuator
signal of a Veeco D3000 system and the actuator and interferometer signals of the
home-built system, with respective cross-sections. The actuator images were planefit,
and the color scales are the same as the scale for each cross-section.
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These images further confirm that this technique works, but there is some "speckle"
present in the interferometer signal. There are two probable sources of this effect.
First, since the disturbance suppression decreases at higher frequencies, the distur-
bances will not be completely invisible in the interferometer signal at these frequen-
cies. Second, large disturbances at higher frequencies cause the tunneling sensor to
move away from its linearized operating point. Although the tunneling current will
recover to 1 nA, the manner in which it does so is difficult to predict because the
tunneling current is nonlinear. The speckled artifacts could result from nonlinear
transients in the tip-sample separation. This effect would also be less noticeable with
a higher bandwidth microscope or a slower scan rate.
7.3 Suppression of ambient disturbances during imag-
ing
The real test of the inherent disturbance suppression technique is whether it has any
advantage in a real imaging environment. As discussed in Chapter 5, this microscope
suffers from the effects of XY disturbances and, possibly, tunneling sensor noise,
which limit its usefulness. However, mechanically grounding the optics table had
the effect of amplifying the Z disturbances while leaving the XY disturbances at
acceptable levels.
Imaging in this environment was performed on a gold sample created by electron
beam evaporation of 2 nm titanium, 2 nm palladium, and 40 nm gold on a polished
silicon wafer. The granular structure of such a sample has topography on the order of
5 nm, much less than the calibration grating imaged previously. Therefore, the effects
of Z disturbances will appear to be more significant.
The gold grain images, shown in Figure 7-4, were acquired over a 400 nm by 200 nm
area at a scan rate of 0.2 Hz. 1024 measurements were taken per line over 128 lines
with 164 Hz anti-aliasing filters for each image. As with previous images, I = 1 nA
and V = 100 mV. Included at the top of the figure is an image of the same sample
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acquired on a commercial Veeco MultiMode system. In the actuator image, periodic
disturbances in the vicinity of 10 Hz are clearly visible and hide the underlying grain
structure. However, these disturbances are absent from the interferometer image,
which resolves the gold grains with clarity. The fact that this noise is suppressed in
the interferometer signal confirms that it is a Z disturbance. In this environment, at
least, both tunneling noise and XY disturbances are insignificant by comparison.
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Figure 7-4: 400 nm by 200 nm images of a gold calibration grating acquired at 0.2 Hz
in a noisy environment. Images are from the actuator signal of a Veeco MultiMode
system and the actuator and interferometer signals of the home-built system, with
respective cross-sections. The actuator images have been planefit. The color scales
are the same as the scale for each cross-section.
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Chapter 8
Conclusions and Outlook
8.1 Conclusions
A new technique has been proposed that inherently suppresses out-of-plane distur-
bances in scanning probe microscopes. This technique relies on the use of two sensors:
one that detects a tip-sample interaction on a very small scale, and one that detects
the same interaction over a much larger area. When the localized sensor is placed
in a feedback loop, the spatially distributed sensor measures topography but sup-
presses the out-of-plane disturbances. The equations describing this phenomenon
were derived in the context of classical feedback theory, resulting in the definition of
a disturbance suppression ratio (DSR), which is a maximum figure of improvement
for this technique over conventional SPM imaging. The DSR suggests that distur-
bance suppression is strongest at low frequencies, which typically have the highest
noise levels.
The technique was demonstrated for STM, where the tunneling sensor served
as the localized sensor and a high out-of-plane resolution interferometer was used
to readout topography. For this implementation to work successfully, a scanning
probe device was developed which featured a new integrated interferometer geometry
and a particularly stiff silicon nitride cantilever. The mechanical properties of the
device were engineered to result in both a high spring constant and a high resonance
frequency. A fabrication process was developed that was found to be quite robust,
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resulting in essentially 100 % device yield. Furthermore, a new breakout tab geometry
was developed to facilitate easy removal of released devices from the wafer.
A home-built STM was also required for the suppression demonstration. In the
design of this microscope, rigidity was sacrificed in favor of flexibility of the interfer-
ometer optics and sample alignment. Analog controller electronics and a computer-
controlled tunneling engagement procedure were implemented. The microscope was
capable of imaging with a bandwidth of up to 800 Hz, predominantly limited by the
Z resonance of the XY scanner.
The home-built STM was used to demonstrate successful disturbance suppression
of two different samples under a variety of conditions. With high magnitude elec-
trically synthesized sinusoidal and broadband disturbances, a 20 nm tall calibration
grating was clearly resolved with the interferometer but not with the conventional ac-
tuator signal. In a natural, relatively noisy environment, 5 nm gold grains were well
resolved in the interferometer signal, but obscured by disturbances in the actuator
signal. While there were some nonideal features in the interferometer images, their
sources were identified and it was concluded that a higher bandwidth microscope will
relieve those problems. Finally, the DSR was measured experimentally and found to
agree extremely well with the theory up until the feedback bandwidth. A maximum
DSR value of 50 dB was reported at the lowest measured frequency, 1 Hz.
8.2 Future work
The future outlook for this technique is promising. For commercial SPMs, espe-
cially those found in a noisy environment, Z disturbances will dominate other noise
sources, including XY disturbances. Disturbance isolation is a costly but necessary
investment to achieve nanoscale resolution on these systems [21], and an inherent sup-
pression technique could prove advantageous both from economic and performance
standpoints.
More exciting from a research perspective is the realization, evident from the
theoretical treatment of Chapter 2, that every SPM is limited not only by the sensor
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noise, but also by out-of-plane disturbances. Designing an SPM with an out-of-plane
rms vibration noise of less than 0.1 A is quite challenging, but has been shown not to
be necessary to achieve surface imaging with a comparable out-of-plane resolution.
As mentioned in Chapter 1, this suppression approach is a general technique that
can potentially be applied to various SPM modes. By using the interferometer to
measure probe-sample separation as described in this work, any separation-dependent
localized sensor can be used so long as it does not require constant contact between
the probe and sample.
8.2.1 Scanning tunneling microscopy and spectroscopy
With STM, in particular, much can be accomplished by reducing the tunneling sensor
noise to a negligible level, as others have suggested is possible [66, 67]. In the present
system, unfortunately, it is impossible to test this noise due to the significant lateral
disturbances to which it is susceptible. The next step in the development of this
technique would be to implement the same approach on a high performance, rigid
SPM with effective vibration isolation. Since the interferometer demands are better
understood, some alignment flexibility can be sacrificed to ensure rigidity, particularly
in XY. A high performance microscope is still expected to have disturbances larger
than the interferometer noise, which can be further reduced by subtracting laser
intensity noise. One eventual goal with such a system is to obtain repeatable atomic
resolution images in ambient conditions.
This microscope would then, in principle, also be capable of tunneling spectroscopy
with Z resolution unprecedented in ambient conditions. Since tunneling spectroscopy
is traditionally performed without feedback, its accessibility as a research tool to
date has been limited. The ability to control separation with an interferometer with
enough precision to allow tunneling spectroscopy over several seconds would open
up new possibilities in chemical identification on a single molecule scale and in the
fabrication of single nanostructure devices.
By extension, one can envision a new imaging technique using tunneling but with
the interferometer used in feedback to control the tip-sample separation. This ap-
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proach, to be used to image very fiat surfaces and features, would disentangle the
geometric (tip-sample separation) and material-dependent (work function) terms of
the tunneling current and could allow imaging with higher material contrast, possibly
on an atomic scale.
Inherent disturbance suppression is also expected to have implications in opti-
cal applications of STM [68]. For example, the ability to image surfaces under il-
lumination of different wavelengths would allow molecular identification based on
optoelectronic properties. The ability to perform tunneling spectroscopy and optical
spectroscopy simultaneously could allow energy levels to be identified, characterized,
and related to molecular structure. In conventional STM imaging, thermal expansion
of the tip or sample caused by the illumination makes such measurements difficult.
By implementing the technique introduced in this work, thermal expansion effects
would not only be smaller, due to the stiff microcantilever and the thin film tunnel-
ing electrode, but would be equivalent to disturbances and suppressed.
8.2.2 Atomic force microscopy
The most widespread mode that can be affected by this suppression approach is
tapping mode AFM [69]. Tapping mode AFM uses a cantilever oscillated at its
resonance frequency. When not in contact with the surface, the oscillation, as detected
by an optical lever, has a maximum amplitude. However, when brought close to the
surface so that the cantilever tip taps it during its motion, the amplitude decreases.
By locking in to the oscillation frequency and measuring its amplitude, the tip-sample
force can be measured and imaged analogous to contact mode AFM. The advantage
of tapping mode is that because the tip is only intermittently in contact with the
sample, it wears less, resulting in a more robust imaging method that has proven to
be quite powerful, in particular with biological samples [70].
With the same interferometer that has been described in this thesis, disturbance
suppression should be attainable in tapping mode AFM with similar performance to
STM. Using the same device geometry, consider the effect of tapping on the inter-
ferometer response. The cantilever oscillation amplitude will always be small enough
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to keep the interferometer in the linear regime, and tapping the surface will result in
a decrease in amplitude. (The interferometer will stop responding when the tip and
sample are in contact, effectively clipping the signal.) This signal serves the same
purpose as the tunneling current in the STM setup and would be used as the feed-
back sensor. By also detecting the DC offset of the interferometer signal, the same
delocalized information can be obtained as what is provided by the interferometer in
the STM setup.
By introducing inherent disturbance suppression to more SPM imaging modes, a
wide variety of samples could be imaged with previously unattainable resolution in
ambient conditions, allowing a better understanding of materials surfaces and their
structure-property relations down to the atomic scale.
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